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Abstract
Although dark matter comprises approximately 85% of the matter content of the
universe, direct detection of dark matter remains elusive. As the available parameter
space for dark matter candidates is pushed to lower and lower limits, the demand for
larger, more sensitive detectors continues to grow. Although upscaling the detector
improves the sensitivity, it greatly increases the cost and complexity of the experi-
ment. Even after a dark matter signal is detected, there remains the possibility that
an unknown background mimics the dark matter signal. Consequently, verifying the
dark matter origin of a detection signal is an issue for any dark matter experiment.
The solution is to search for the so-called “smoking gun” signatures for dark matter.
There is the annual modulation of the event rate, and the modulation of the recoil
direction over a sidereal day. The directional modulation is the more robust signal.
It would not only unambiguously confirm the existence of dark matter, but pave the
way for characterizing the properties of dark matter.
v
This thesis describes research toward advancing low pressure gas Time Projec-
tion Chamber (TPC) technology for directional dark matter detection. It begins
by measuring the thermal negative ion behavior of the novel TPC gas, SF6, and
thereby confirming SF6 as an ideal gas for directional dark matter experiments. The
disadvantage of SF6 is the low fiducialization efficiency due to the relatively small
secondary drift species, SF−5 . This motivated studies of CF4-SF6 gas mixtures that
led to the discovery of a new negative ion species hypothesized to be CF−3 . We
show that the relative production of the new species can be tuned by adjusting the
SF6 concentration and the drift field. We also propose a model for CF
−
3 production
in CF4-SF6 gas mixtures that makes qualitative predictions, which are consistent
with our measurements. Our studies show that a 20-3 CF4-SF6 mixture results in
low thermal diffusion and a factor two enhancement of the fiducialization efficiency
relative to that measured for pure SF6. Using this mixture our measurements demon-
strate gamma/electron discrimination down to 15 keV ee and head-tail directionality
down to 30 keV ee. These are the first such measurements in TPCs with SF6-based
gases, and the first utilizing a 1D readout in any gas.
vi
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Introduction
1.1 What is Dark Matter?
What is Dark Matter? This is one of the biggest questions in modern physics
today. It is known to constitute 25% of the energy density and 84% of the total mass
of the universe, and yet it is far from understood. What is known is the non-luminous
nature of dark matter and its gravitational interaction with ordinary matter. While
its gravitational influence on ordinary matter has been seen on cosmological scales,
the interaction or the production of dark matter within a detector has not been
observed. This chapter will briefly describe the evidence for dark matter, giving
a brief history in the process. It will also describe the most popular dark matter
candidates, direct detection techniques, and the directional dark matter experiment
DRIFT (Directional Recoil Identification From Tracks). The studies detailed in the
chapters that follow are motivated with the goal to improve the sensitivity of the
DRIFT detector and to characterize the properties of the low energy events expected
within the range of dark matter interactions.
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1.2 Evidence For Dark Matter
1.2.1 First Evidences
The first hints for the presence of dark matter came in the form of missing mat-
ter. In the 1930s, Oort measured the velocities of stars in the Milky Way using their
Doppler shifts and discovered, based on the gravitational attraction of the visible
matter, the stars should escape their orbits. Since this was not the case, Oort pro-
posed that there must be more mass within the Milky Way to provide the needed
gravitational attraction to maintain the orbits [2]. Zwicky later studied the Coma
cluster and, by employing the virial theorem, also determined there must be ad-
ditional non-visible matter in the system [3]. These measurements were not taken
seriously until 40 years later, when Vera Rubin and collaborators studied the rotation
curves of isolated galaxies [4]. Based on the Newtonian gravity of the visible matter,
the orbital velocity of stars about their galactic center should obey
v(r) =
√
Gm(r)
r
. (1.1)
Equation 1.1 predicts once a star is beyond the visible disk of the galaxy m(r) is
a constant and the orbital velocity falls as the inverse square root of r. However,
this was not observed. Instead, the velocity curves were “flat” for orbital distances
greater than the visible central bulge of the galaxy. This behavior is depicted in
Figure 1.1. There are two common resolutions to this problem. One solution is to
suppose the galaxy is immersed in a nearly spherical halo of non-luminous matter
with a density profile proportional to 1/r. This solution implies the mass within the
orbit continues to increase at a rate proportional to the radius as the orbital distance
increases . Therefore, the ratio m(r)/r is constant and so is the orbital velocity. This
non-luminous matter is called dark matter.
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The other solution is to propose modifications to the force of gravity which are
apparent only on large scales. This is called Modified Newtonian Dynamics (MOND)
[6]. Although the theory can predict “flat” rotation curves, there are two main
issues with the theory compared to dark matter theories. One issue is MOND is
unmotivated by other theories, whereas many extensions to the Standard Model
(such as Supersymmetry) naturally have a dark matter-like particle. Another issue
is MOND cannot explain the Bullet Cluster, the Cosmic Microwave Background
(CMB), or other similar measurements. How the Bullet Cluster and the CMB pertain
to dark matter will be discussed next.
Figure 1.1: The predicted orbital velocity
of stars about their galactic center (red)
and the observed orbital velocities (white).
Credit: Ref. [5].
1.2.2 Bullet Cluster
The Bullet Cluster is the name given to the collision of the two galaxy clusters
shown in Figure 1.2 [7]. During the collision the intergalactic gases of the two clusters
interact, are heated, emit X-rays (pink), and are slowed. The intergalactic gases are
the dominant ordinary matter component of galaxies. The star component of each
cluster is neutral and point-like compared to the size of the clusters, which results
in each star component passing unhindered through the other. The net result is the
spacial separation between the intergalactic gas and star components. Next consider
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gravitational lensing. Measurement of the gravitational lensing (blue) should trace
the dominant matter component. Therefore, without dark matter the gravitational
lensing should be coincident with the x-ray emission from the intergalactic gas. In-
stead, the gravitational lensing is coincident with the star component. This is strong
evidence for a hidden matter component to the system that also was not slowed
during the collision. If the clusters are immersed in a halo of dark matter before
the collision and the dark matter has no self-interactions, the dark matter would not
be slowed by the collision and could constitute the hidden matter. These measure-
ments cannot be explained by MOND. Also, the Bullet Cluster reveals an important
property of dark matter; the dark matter must have negligible self-interaction.
Figure 1.2: The Bullet Cluster showing
the X-ray emission (pink) and the gravi-
tational lensing (blue). Credit: Ref. [8].
1.2.3 Cosmic Microwave Background
The Cosmic Microwave Background (CMB) provides precise measurements of cos-
mological parameters, and it measures the dark matter abundance when constrained
by other measurements. To begin understanding the CBM, one must consider the
dynamics of the hot dense photon-baryon plasma of the early universe. A brief
overview of the dynamics and how they relate to dark matter will be provided next.
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The dynamics of an over dense region of space in the early universe are depicted
in Figure 1.3 [9]. Waynehu models the dynamics with massive balls on springs in
a potential well. The over density of the plasma (potential well) causes electrons
and protons (massive balls) to fall into the gravitational potential wells. Through
repeated Compton scattering with the electrons the photons (springs) are also drawn
into the well. This infall of matter continues until the photon pressure is large enough
that it overcomes the force of gravity (the springs are maximally stretched). At this
point the plasma (mass) begins to be forced out of the well. This is called rarefaction.
The rarefaction continues until the force of gravity (spring at the bottom of the well)
overcomes the photon pressure and the cycle repeats. The resulting oscillations are
called “acoustic oscillations”, because the period of oscillation depends on the speed
of sound within the plasma. In this context the speed of sound defines the rate
a signal is transferred in the medium. However, if dark matter is included in the
model the dynamics change considerably. Since dark matter does not interact with
the photons it does not feel the photon pressure and is not rarefied. Therefore, dark
matter continues to fall into the well regardless of the cycle and enhances the depth
of the well. Including each component, the final model for the dynamics is that of a
forced, damped harmonic oscillator.
The acoustic oscillations continue as the universe expands until the universe is
cool enough for electrons to bind to protons to form neutral atoms. At this epoch
in time, called Recombination, the photons become decoupled from the plasma,
freestream, and redshift. This relic radiation is present today as a low temperature
background radiation. Information about the size of the over dense regions is im-
printed in the CMB at the time of Recombination. Regions where the plasma was
maximally compacted or rarefied are imprinted into the CMB as slightly hotter or
colder spots in the sky. The greater the over density the greater the temperature fluc-
tuation in the CMB. Consequently, the CMB is sensitive to each matter component
of the universe, including dark matter.
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Figure 1.3: Graphical depiction of grav-
itational infall competing against radi-
ation pressure. The cycle that ensues
is called “acoustic oscillations.” Credit:
Ref. [9].
The CMB was first discovered by Penzias and Wilson in 1964 and measured to
have the nearly uniform temperature of 2.73 K [10]. Later, the WMAP experiment
measured the temperature fluctuations of the CMB to be 1 part in 105. A related
evidence for dark matter comes from the measured angular size of the temperature
fluctuations combined large scale structure measurements. Simply put, the size of
the density fluctuations at the time of Recombination under the influence of ordinary
matter alone would not have had the time during the age of the universe to grow
and form the structure we observe today. Dark matter is needed to efficiently grow
the density fluctuations. Figure 1.4a shows the temperature fluctuations, also called
anisotropies, in the WMAP 9 year all sky map. Figure 1.4b shows the power spectrum
of the fluctuations. It is from the power spectrum that quantities such as the total,
baryonic, and dark matter densities can be calculated to high precision; Ωmh
2 =
0.1334± 0.0055, Ωbh2 = 0.02260± 0.00053, Ωdmh2 = 0.1123± 0.0035 [11].
1.2.4 Other Evidence
Another cosmological evidence for dark matter is found in Big Bang Nucleosyn-
thesis (BBN) [13]. BBN describes the period from a few seconds to several minutes
after the Big Bang when the universe was very hot and protons and neutrons were fus-
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(a) 9 Year WMAP all sky map
of the Cosmic Microwave Background
Anisotropies. Credit: Ref. [12].
(b) 9 Year WMAP Cosmic Microwave
Background power spectrum. Credit:
Ref. [11].
Figure 1.4: The Cosmic Microwave Background temperature anisotropies (1.4a) and
power spectrum (1.4b).
ing together to form light elements like deuterium and helium. By employing nuclear
physics and reaction rates, BBN predicts the abundances of these light elements. The
predictions of BBN match well with measurements of elemental abundances. For ex-
ample, the deuterium in stars is rapidly converted into 4He, and therefore the amount
of deuterium in the universe today is a lower limit on the amount created during
BBN. The deuterium abundance is estimated by observing regions of space with low
levels of elements heavier than lithium. These regions of space are assumed to not
have changed significantly since the Big Bang, so the measured ratio of deuterium to
hydrogen (D/H abundance) can be estimated right after BBN. The D/H abundance
is heavily dependent on the baryon density during BBN. Therefore, measuring D/H
is a measure of the overall baryon abundance. Measurements of D/H reveal that
the baryon density only accounts for about 20% of the total matter density of the
universe, further supporting the existence for dark matter.
Other evidences for dark matter are large scale structure observations such as
galaxy counts, and N Body simulations [14]. These also require a dark matter-
7
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like particle to produce the small scale structure that is observed in the universe.
They indicate dark matter must be moving non-relativistically and be Cold Dark
Matter (CDM). In fact, the ΛCDM cosmological model has been highly successful
in predicting the structure of the universe on large scales. However, it fails on small
scales. CDM, which assumes dark matter has no self-interactions, tends to produce
too much small scale structure. This is the so called “small scale structure crisis” of
the ΛCDM model [15].
1.3 What can Dark Matter be?
This section discusses several theoretical motivations for a new fundamental dark
matter-like particle and a few of the most popular dark matter candidates. First
consider known particles within the Standard Model. The only particle with weak
interactions and no electromagnetic interactions is the neutrino. However, neutrinos
are relativistic. A neutrino dominated universe would suppress structure formation
and create a “top-down” (large-scale structures first) formation of the universe. This
is not the case. The “bottom-up” formation of the universe is more consistent with
observations and simulations [16]. Another strike against the neutrino is constraints
on the mass of the neutrino. With the constraints on the neutrino mass the number
density of the neutrino is much lower than the measured dark matter density.
What about composite Standard Model candidates such as Massive Compact
Halo Objects (MACHOs)? MACHOs are massive objects, such as black holes or
neutron stars, that do not emit radiation and are therefore ”ordinary” dark matter.
These objects can be found with gravitational microlensing, which occurs when the
MACHO passes between a distant star and the earth. When this happens there is a
characteristic brightening and dimming of the star. The MACHO Collaboration and
the EROS-2 Survey have searched for these objects [17]. They found only a small
number of candidate MACHOs, much too few to constitute a significant component
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of dark matter. For these reasons, the search is shifted toward a yet undiscovered
non-baryonic dark matter particle.
Due to the lack of constraints on non-barionic dark matter, there are many the-
ories, some with more theoretical motivation than others. Figure 1.5 shows the wide
variety of dark matter candidates. The most popular candidates include the Weakly
Interacting Massive Particles (WIMPs), Axion, Sterile Neutrino, and Kaluza-Klein
particles. Also gaining popularity are dark sector dark matter theories, such as
Asymmetric Dark Matter and Dark Photon theories which incorporate small dark
matter self-interactions. More exotic forms of dark matter have also been proposed,
such as WIMPzillas, GIMPs, Q-balls. The WIMPs, Kaluza-Klein, Axion, Dark Sec-
tor, and Sterile Neutrino theories will be discussed next. For a review of dark matter
candidates see Ref. [19].
1.3.1 WIMP DM
The most popular and highly searched for dark matter candidate over the past
several decades is the WIMP [26]. WIMP dark matter is electrically neutral, interacts
very weakly with ordinary matter, and is CDM. As such, it naturally provides the
necessary ”bottom up” formation of large scale structure. Initially, WIMPs were very
attractive candidates because of the so-called “WIMP Miracle”. If WIMPs have a
weak-scale mass and were created in thermal equilibrium during the early universe,
they would “miraculously” produce the measured relic abundance of dark matter.
WIMPs are also attractive because they can be applied with Supersymmetric theories
(SUSY).
Here is a brief description of SUSY and how it naturally produces a WIMP
candidate. SUSY proposes every particle in the Standard Model has a corresponding
bosonic or fermionic partner. This symmetry between bosons and fermions solves the
hierarchy problem (why the Planck and electroweak energy scales are so different),
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and the fine-tuning problem (why the Higgs mass is so small). Also attractive about
SUSY is there appears to be a unification of the electroweak and strong forces at
the unification scale (≈ 1016 GeV), which does not occur without SUSY extensions
to the Standard Model. SUSY is considered a broken symmetry because the mass
of the SUSY particles are much larger than their partner particles. If this were not
the case SUSY particles like the selectron (SUSY counterpart to the electron) would
have the same mass as the electron and been discovered long ago. Consequently,
SUSY must undergo symmetry breaking similar to electroweak symmetry breaking,
and all SUSY particles must be very massive. However, the difference in SUSY
masses must not be larger than a few TeV for SUSY to naturally explain the small
Higgs mass. For this reason, the typical WIMPs is 10 GeV to 1 TeV. The Lightest
Supersymmetric Particle (LSSP), often the neutralino, is stable, electrically neutral,
and thus a popular WIMP candidate.
Despite the theoretical motivation, experimental searches at the Large Hadron
Collider (LHC) and other experiments for WIMPs or other SUSY particles have
proven elusive. In fact the parameter space where WIMPs naturally occur continues
to diminish. Figure 1.8 shows that soon the WIMP cross-section will reach the
“neutrino floor”, where coherent neutrino scattering with the target nucleus will be
an irreducible background; more on this in Section 1.4.3. In recent years there is a
push toward “light” WIMPs with masses of order 1 GeV. These are not naturally
predicted by SUSY theories, but are possible with the inclusion of other theories such
as dark sector dark matter or universal extra dimensions. Nevertheless, traditional
WIMPs remain an interesting dark matter candidate.
1.3.2 Kaluza-Klein DM
In universal extra dimension theories (UED) Standard Model fields can propagate
in compact extra dimensions. These extra dimensions are compactified on a circle
of small radius. This is appealing because UED proposes a mechanism to unify the
10
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electroweak and gravitational forces. It is also attractive because String theory, which
is currently the most promising theory of quantum gravity, is a multi-dimensional
theory consistent with UED. Momentum conservation in the extra dimensions leads
to the lightest Kaluza-Klein mode (LKP) being stable, electrically neutral, non-
baryonic, and thus a viable WIMP dark matter candidate [27].
1.3.3 Axion DM
The axion was proposed by Roberto Peccei and Helen Quinn in 1977 to solve the
“strong-CP problem” of Quantum Chromodynamics (QCD) [28]. The Lagrangian
for the strong force contains a term which gives an electric dipole moment to the
neutron. Since no electric dipole moment has been observed, they proposed a new
symmetry that prevents the CP violating term from appearing in the Lagrangian.
As a consequence, a light scalar particle, the axion, is produced. Experiments such
as ADMX and CARRACK have have set limits for the axion. They search for the
Axion by using radio frequency cavities and waiting for the excess power produced
in the cavity when an axion is converted into a photon within the magnetic field.
Theories place the mass to be in the µeV range. Despite the light mass, the axion
can be CDM because it is produced non-thermally in the early universe.
1.3.4 Dark Sector DM
Dark sector dark matter models are growing in popularity because they can solve
many discrepancies of the Standard Model using different methods [29]. Hidden
forces in the dark sector can be used to explain the strong CP-problem and the
anomalous magnetic moment of the muon. Also, dark sector physics can solve the
“small scale crisis” of ΛCDM with the coupling between the dark photon and dark
matter. The solution requires reconsidering the dynamics of the early universe with
the inclusion of the dark photon. The result are “dark acoustic oscillations”, where
the dark photon acts as radiation pressure for dark matter. Moreover, specific dark
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sector theories can solve very specific conundrums of the Standard Model. For exam-
ple, asymmetric dark matter solves the matter-antimatter asymmetry of the universe,
which is otherwise unexplained. Unlike other dark matter theories, dark sector mod-
els have many testable predictions on structure formation and the CMB. Several
experiments, such as high intensity beam and electron beam dump experiments,
have been proposed to search for rare particles like the dark photon.
1.3.5 Sterile Neutrino ND
Since neutrinos have a small but nonzero mass they can undergo neutrino flavor
mixing, which is not predicted in the Standard Model. This leads to the possibility
of sterile neutrinos, which have right-handed helicities allowing them only to interact
gravitationally. The sterile neutrino, although neutral, could interact with ordinary
matter by mixing with the three observed left-handed neutrinos [30]. If the sterile
neutrino exists and is the dominant component of dark matter, it must have a keV
scale mass because it is a fermion obeying the Pauli exclusion principle. This ensures
it cannot be packed into an infinitely small volume and cannot have an arbitrarily
small mass. The upper limit is set to a few tens of keV due to the sterile neutrino’s
observationally small mixing with neutrinos. Despite their light mass, sterile neu-
trinos are often theoretically predicted to be non-relativistic, and therefore they are
another important theory in the search for dark matter.
1.4 Detection Techniques
The focus of this work is WIMP-like dark matter, although the techniques and
experiment discussed in this section may be sensitive to other types of dark matter.
Consequently, the term dark matter and WIMP will be used interchangeably for the
remainder of this work. Typically WIMPs are hypothesized to interact with ordinary
matter via two types of interactions with the target nucleus. For the first type of
WIMP-nuclear interaction the WIMP and target nucleus exchange a scalar particle,
12
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Figure 1.5: Theoretical particle dark matter candidates. Credit: Ref. [18].
leading to a spin independent (SI) interaction. For the second type they exchange a
vector boson, which is a spin dependent (SD) interaction. The SI interaction cross-
section is proportional to the target atomic number squared A2. Therefore, it is
advantageous for experiments searching for SI WIMP-nuclear interactions to choose
target materials with large A. However, if the WIMP mass is much lighter than the
target nucleus, less energy is transfered from the WIMP to the target nucleus due
to kinematics. Experiments may attempt to lower the energy threshold to maintain
sensitivity, but this results in an increase in the rate of low energy backgrounds.
Consequently, experiments focusing on SI must balance enhancing the WIMP-nuclear
cross-section with the difficulties and consequences of lowering the energy threshold.
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Searching for SD WIMP interactions requires a target nucleus with a net nuclear
spin. Refs. [20, 21, 22, 23, 24, 25] describe several SD targets. Among them are
129Xe, 127I, 23Na, and 19F . Regardless of the type of WIMP-nuclear interaction
searched for, experiments utilize three different types of detection schemes: indirect
detection, direct detection, and production. Briefly discussed in the following sections
are the pros and cons and several experiments employing each detection technique.
1.4.1 Indirect Detection
For the indirect detection technique the main assumption is dark matter has a
dark matter-dark antimatter symmetry, unlike baryons, and they annihilate when
they encounter each other. In this case, the annihilation interaction produces or-
dinary particles, such as photons, charged leptons, or neutrinos. The presence of
dark matter is inferred based on the characteristic properties of the observed ordi-
nary particles. Experiments search regions of space where the dark matter density is
expected to be significantly enhanced, such as the sun, the galactic center, or other
massive objects. One such experiment is the IceCube experiment searching for dark
matter annihilation to neutrinos in the sun [31]. Others include earth and satellite
based gamma ray telescope experiments searching for the dark matter annihilation to
gamma rays. One satellite experiment is the Fermi Large Area Telescope searching
in the energy range between 100 MeV to hundreds of GeV [32]. One major require-
ment for these indirect detection experiments is an extensive understanding of all
astrophysical sources of the ordinary particles detected by the experiment and resid-
ing within the signal region. This is important for indirect experiment to convince
the greater scientific community of a detected WIMP signal.
1.4.2 Production Detection
Similar to indirect detection, the production detection technique detects ordi-
nary particles and infers the existence of dark matter. The particle accelerator, the
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Large Hadron Collider (LHC), collides two high energy particle beams and studies
the resulting reactions and created particles. It is reasonable to expect, that in this
high energy, high luminosity environment, dark matter will be occasionally produced
through its unknown couplings to ordinary matter. Since Standard Model interac-
tions have been precisely measured and are well understood, a WIMP signal in the
LHC would consist of a cascade of ordinary particles, missing energy and momen-
tum carried away by the created WIMP particle, and an interaction inconsistent with
known Standard Model Interactions [33]. The LHC has yet to detect any hints of
WIMP or other SUSY particles, but hopes are physics beyond the Standard Model
will be found with the LHC upgrade and its increased center of mass energy (14
TeV ).
1.4.3 Direct Detection
A robust detection technique in terms of background rejection is direct detection.
Direct detection experiments wait for a WIMP particle passing through the detector
to interact with the target nucleus, and deposit energy. Since WIMPs are non-
relativistic, they have low kinetic energy and depending on the mass of the WIMP will
typically transfer tens of keV to target nuclei. The low energy transferred ensures an
elastic recoil. However, measurement requires low energy thresholds, high efficiency
discrimination, and the ability to maintain low background rates. Discrimination is
the ability to identify particles based on the properties of the recoiling particle.
There are several standard approaches to lower the background rate. First, the
cosmic rays interacting within the detector are suppressed by operating the experi-
ment deep underground. The rock overburden attenuates the cosmic ray flux in the
experiment. Second, ultra-pure detector materials with very low concentration of ra-
dioactive elements are used. The low radioactivity of detector components is crucial
to reduce Radon Progeny Recoils (RPRs) and other backgrounds, which can mimic
WIMP signals. Third, the detector is fiducialized. Fiducialization is the restriction
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of the detection region in order to reject background events originating along detec-
tor surfaces, such as the inner walls of the vessel or the detector cathode and anode.
One such background are RPRs. Fourth, the experiment is surrounded by water,
polyethylene, or other hydrogen-rich materials to suppress low energy neutrons orig-
inating from alpha-n reactions occurring in the cavern walls, or those induced by
muon interactions near the experiment. The hydrogen-rich materials are ideal to
suppress the low energy neutrons because hydrogen’s similar mass to the neutron is
kinematically favored for optimal energy transfer. As a result, the flux of neutrons
entering the detector with enough energy to produce a detectable interaction can
be made as small as required by increasing the material thickness. Therefore, the
neutrons stop short of the detector. In addition to these backgrounds, particular
experiment-based backgrounds must be suppressed or characterized.
After employing these and other background reduction techniques, direct detec-
tion experiments compare their measured event rate with an estimation of their
background. This is often done per energy bin. Indication of a dark matter signal
is a significant excess of events above the predicted background. Since it is impos-
sible to account for all potential backgrounds, direct detection experiments search
for so-called “smoking gun” signals. These are the annual modulation of the event
rate, and the sidereal (daily) modulation of the nuclear recoil direction [36], [37].
These signatures are difficult for a background to imitate, so if measured they would
constitute a definitive proof of dark matter originating from the galaxy.
Annual Modulation To understand annual modulation consider Figure 1.7
(left). The Milky Way Galaxy is immersed in a non-corotating halo of dark mat-
ter. Due to the solar system’s motion though the galaxy, an Earth-bound detector
experiences a flux of dark matter appearing to come from the constellation Cygnus
[36], [37]. This flux of dark matter is called the “WIMP Wind”. From the earth’s
orbit around the sun, the earth has the maximal component of its velocity toward
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Cygnus in June and has the maximal component in the opposite direction of Cygnus
in December. Consequently, there is a greater flux of WIMPs in June compared to
December. The periodic change of flux causes a yearly modulation in the event rate
of an earth bound detector. As long as there are no backgrounds which modulate
with a yearly cycle, annual modulation is a characteristic signature for dark matter.
The DAMA/LIBRA experiment claims to have detected the annual modulation
signal [34]. Figure 1.6 shows the DAMA/LIBRA modulation consists of a few per-
cent, yearly periodic signal that is consistent with a dark matter interpretation of the
signal. Unfortunately, the parameter space corresponding to their signal has been
ruled out by several orders of magnitude by the null results of other experiments.
The DAMA/LIBRA collaboration deliberately has no background rejection in order
to be sensitive also to non-standard dark matter-electron interactions. They claim
if dark matter interacts primarily with electrons other null experiments will not see
dark matter because they reject all electronic events. Other groups have developed
theoretical models such as dark matter inelastic collisions to reconcile the null result
of other experiments. Nevertheless, the issue will likely not be resolved until experi-
ments similar to DAMA/LIBRA are built. Although many experiments continue to
search for an annual modulation, the DAMA/LIBRA controversy demonstrates the
need for another more definitive dark matter signature.
Daily (Sidereal) Modulation The second ”smoking gun” signal is the side-
real or daily modulation of the WIMP-induced nuclear recoil directions over the
course of a sidereal day [37]. Figure 1.7 (right) shows the “WIMP Wind” entering
a ground-based detector from left to right. At one time of day the WIMP-induced
nuclear recoils are preferentially directed downward, and 12 hours later due to the
rotation of the earth the nuclear recoils are rightward. This is a robust signal, be-
cause unlike annual modulation there are no known backgrounds that can mimic the
signal. Consider the following common background situations. First, a point source
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Figure 1.6: DAMA-LIBRA annual modulation signal. Credit: Ref. [34].
(a) Annual modulation
(b) Sidereal modulation
Figure 1.7: (a) The solar system moving through the halo of dark matter experi-
ences a “WIMP Wind” from the direction of the constellation Cygnus. (b) Sidereal
modulation of the WIMP-induced nuclear recoil direction. Credit: Ref. [35].
in the lab emits particles that interact in the fiducial volume. This background is
easily identified because the direction of events in the detector is preferentially di-
rected away from the source, regardless of the direction of the WIMP Wind. Second,
an isotropic background. An isotropic background is distinguishable as well, because
it generates an isotropic distribution of event directions in the detector. Both of
these backgrounds are uncorrelated with the location of Cygnus. The difficulty with
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the sidereal modulation is in the detection of the event direction. Currently the best
directional detectors are gas-based Time Projection Chambers (TPCs), which can
reconstruct the direction of the track based on the orientation of the primary ioniza-
tion trail [42, 43]. Other techniques such as nuclear emulsions are under development
[38].
1.5 Characterizing Progress: Limit Curves
In order to characterize the progress of WIMP searches and to compare results
from experiment with different target nuclei, the standard approach is to summarize
all results on limit curves in terms of the WIMP-nuclear interaction cross-section
and the WIMP mass. For each experimental curve the parameter space above the
curve is excluded by the experiment at the 95% confidence level. The parameter
space below each curve is unprobed by the experiment and is the location where
WIMPs might exist. Figure 1.8 shows the limits for the spin-independent (SI) case
for several prominent experiments. The solid and dashed curves represent current
experimental limits and the predicted next generation limits. Notice the next gen-
eration experiments will approach the so-called “neutrino floor”. The neutrino floor
indicates where coherent nuclear scattering of solar, atmospheric, and supernova neu-
trinos become an irreducible background [39]. In other words, below the neutrino
floor the rate of background neutrino interactions in a detector is greater or equal to
the expected rate of WIMP interactions in the detector. Consequently, the neutrino
floor represents a serious problem for direct detection experiments. Creative ideas
are in development toward searching below the neutrino floor [40, 41]. One idea
is to develop an ultra-sensitive directional detector, able to measure directionality
down to or below a keV . Such a detector might be able to separate the neutrino
background from the directional WIMP signal.
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Figure 1.8: Current SI WIMP-nucleon limits curve. Note that next generation ex-
periments will be approaching the “neutrino floor”. Credit: Ref. [55].
1.6 DRIFT
This section discusses the Directional Recoil Identification From Tracks (DRIFT)
experiment and its search for the sidereal modulation of WIMP-induced nuclear
recoils [44, 45, 46, 57]. The DRIFT-IId detector is shown in Figure 1.9. It is operated
at a depth of 1.1 km in the STFC Boulby Underground Science Facility [52]. It is a 1
m3 TPC with a 0.9 µm thick, texturized, aluminized-Mylar central cathode dividing
the detector into two 50 cm drift regions. At the end of each is a 1 m2 Multiwire
Proportional Chambers (MWPCs). They are comprised of a 2 mm pitch, 20 um
wire anode plane sandwiched between two grid planes 1 cm on either side of the
anode plane. A field cage with periodic stainless steel rings is utilized to maintain
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a uniform drift field of 580 V/cm. The detector is operated within a steel vacuum
vessel.
1.6.1 DRIFT Gas Mixture
The DRIFT experiment utilizes the gas mixture 30-10-1 Torr CS2-CF4-O2. The
F atoms of the CF4 component of the gas mixture are the target for spin-dependent
(SD) WIMP-nucleon interactions (WIMP interacts with the net spin of the nucleus).
The CS2 component of the gas is electronegative and is utilized to achieve negative
ion drift. Negative ion drift is important in order to achieve low diffusion (a few
hundred µm [44, 53]) without magnetic fields and to have slow drift velocity. The
O2 component of the gas causes the production of minority species, which is required
for fiducialization. Section 1.6.3 will describe fiducialization and how it is utilized
for background rejection.
1.6.2 DRIFT Operating Principle
The DRIFT detector operates in the following manner. Particles enter the right or
left drift region and interact with the gas. If the particle is absorbed excitations can
also occur resulting in scintillation. If the interaction is elastic an electron or a nucleus
are sent recoiling through the gas depending on the type of interacting particle. As
the recoiling particle moves through the gas it interacts with the neutral molecules of
the bulk gas and leaves behind a trail of ionization. The recoil direction is correlated
with the incident direction of the interacting particle, and thus it gives information
about the incident direction. Next, the CS2 quickly captures the electrons, are
drifted to the closest MWPC, and are readout. Meanwhile, the positive ions drift to
the cathode. The DRIFT collaboration was the first to use this Negative Ion Time
Projection Chamber (NITPC) technology ([53, 54]) to measure the energy deposited,
the track length, and the track direction for low energy nuclear recoils.
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Figure 1.9: Interior view DRIFT detector. Credit: Ref. [56].
In the software the track and the recoil direction are reconstructed from the read-
out signal. Since typical track lengths for low energy tracks (expected for WIMP-
nuclear interactions) are a few mm at this pressure, in order to efficiently reconstruct
the track the diffusion must be small in comparison. The diffusion with negative ions
is only a few hundred µm [45]. Although low diffusion is also possible in traditional
electron drift TPCs, they require the addition of a complex and a costly magnetic
field [42, 43]. The benefit of drifting negative ions such as CS−2 is the low diffusion
is achieved without magnetic fields. Also, the slower drift velocity of the negative
ions reduces the requirement of fast readout electronics in order to resolve the track.
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When the drift field is not too large, the negative ions remain in near thermal equi-
librium with the bulk gas and their diffusion is given by:
σ2ThermDiff =
2kTL
eE
, (1.2)
where k is the boltzmann constant, L is the distance over which diffusion occurs (drift
distance), E is the applied drift field, and T is the temperature of the gas. Equation
1.2 represents the theoretical minimum diffusion (without a magnetic field). The
negative ion diffusion can deviate from this at high E, as the ions enter a non-
thermal regime. Figure 1.10 depicts a WIMP-induced nuclear recoil, the creation of
primary ionization, and the capture of primary electrons by CS2.
Figure 1.10: WIMP-induced nuclear re-
coil within DRIFT detector, subsequent
electron capture, and drift of CS−2 toward
MWPC readout. Credit: Ref. [56].
1.6.3 Background Reduction
This section describes the background suppression for the DRIFT experiment [46].
Similar to other direct detection experiments, the DRIFT experiment has taken the
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following steps to reduce known backgrounds, which include neutron-induced recoils,
cosmic rays, gamma-rays, and radon progeny recoils (RPRs) [47, 48, 49, 50]. In order
to remove cosmic ray backgrounds the detector is operated 1.1 km underground
in the STFC Boulby Underground Science Facility [52]. To prevent ambient and
cosmic ray muon induced neutrons emanating from the cavern walls from entering
the detector, the detector is surrounded by 67 cm polyethylene pellets with a density
of 40 g/cm2 taking into account the mean pellet packing fraction. The shielding
thickness was chosen based on GEANT4 simulations of the neutron background [51].
DRIFT measures the neutron flux to be < 4 neutron recoils/day by comparing the
shielded and unshielded data [47]. Software cuts based on the track length reject
gamma-ray interactions [47].
A troublesome background are RPRs, because they are potentially indistinguish-
able from a WIMP signal. The following description is based on Refs. [47, 48]. 222Rn
is unstable to alpha decay and is present in low quantities in the detector. Its decay
daughter is 218Po, which is charged and is attracted to the negative potential of the
cathode. On the surface of the cathode the 218Po alpha decays with a half-life of 3.05
minutes to 214Pb. The recoiling 214Pb creates a nuclear recoil event observed with one
of the MWPCs. Due to momentum conservation, the alpha particle recoils in the op-
posite direction and is observed by the other MWPC. Consequently, the 214Pb recoil
can be “tagged” with the alpha track at the other MWPC and rejected. However,
since the alpha particle is emitted isotropically, the alpha particle can range out in
the cathode and go undetected. Consequently, the “untagged” RPRs can represent
an irreducible background. To eliminate them, the DRIFT collaboration searched
for a means of fiducializing the detector and excluding the cathode from the fidu-
cial region. Ultimately, the fiducialization was accomplished by introducing a small
amount of O2 to the CF4-CS2 gas mixture. The result is the appearance of several
minority drift species. Although their identity is unknown, these minority species
have distinct drift velocities faster than the dominant CS−2 peak. Consequently, the
24
Chapter 1. Introduction
Z location of the interaction can be determined by:
Z =
VpriVmin
Vmin − Vpri∆Tpri−min (1.3)
where Vpri is the drift velocity of the primary species (CS
−
2 ), Vmin is that of the
minority species (identity unknown) [46], and ∆Tpri−min is the arrival time difference
between the primary and minority species. This process wherein the interaction
site in the detector is determined is known as fiducialization, where Equation 1.3
is utilized to fiducialize the detector along the drift dimension Z. Consequently,
the ability to fiducialize is important for dark matter detectors employing the TPC
technology. In fact, utilizing these techniques and the ability to fiducialize along Z,
the DRIFT experiment achieves zero background [46].
1.6.4 Results and Conclusion
DRIFT is the leading directional dark matter detector, setting SD limits several
orders of magnitude better than other directional detectors, such as NEWAGE and
DMTPC [46]. Figure 1.11 shows the factor 4 improvement of the 2016 DRIFT limits
over previous results [57, 58]. Despite the success of the DRIFT experiment, the use
of low pressure gas has the obvious drawback of low target mass compared to liquid
or solid state detectors. DRIFT also has the disadvantage that only a fraction of
the low pressure gas in the detector is useful target for SD WIMP searches; of the
41 Torr gas mixture only the F component of the 10 Torr CF4 is target for WIMPs.
Although required for thermal diffusion and fiducialization, the other components of
the gas mixture (30 Torr CS2 and 1 Torr O2) are “wasted” space in the detector.
They provide no SD target for WIMPs. In the chapters that follow this work presents
research toward a new gas mixture better optimized for SD WIMP detection that
maintains the other benefits of the DRIFT gas mixture. Again, these are low thermal
25
Chapter 1. Introduction
diffusion, slow drift velocity, and the presence of minority peaks for fiducialization.
Figure 1.11: Current SD limits for DRIFT (black) and other leading SD experiments.
Credit: Ref. [58].
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Characterization of SF6 in Time
Projection Chamber Technology
2.1 Introduction
In this chapter a low pressure SF6 TPC is utilized to measure the smearing
(broadening) of the events due to the diffusion, the capture length, and the pitch
of the Thick Gas Electron Multipliers (THGEMs) as a function of the pressure, the
drift field, and the drift distance. These measurements and the choice of SF6 were
motivated with the goal of improving the DRIFT experiment [44, 45], which was
discussed in Section 1.6 and is briefly presented here. DRIFT is a 1 m3 Negative
Ion Time Projection Chamber (NITPC) that searches for directional dark matter.
Although DRIFT is the leading directional dark matter experiment, like other di-
rectional dark matter TPCs it suffers from low target mass. This is compounded
because the CS2 and O2 components of the DRIFT gas mixture, although required
for low diffusion (a few hundred µm [44]) and for fiducialization, provide no target
for SD WIMP interactions. Low diffusion and fiducialization are important proper-
ties for track resolution (typical low energy tracks in DRIFT are a few mm [44]),
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and background rejection, respectively. With the goal of optimizing the gas mixture,
our group began searching for a new negative ion gas that is a good target for SD
WIMP interactions, has low diffusion, and has a minority species for fiducialization.
Ultimately, our focus turned to SF6 [101].
SF6 has been extensively studied with applications as a gaseous high voltage
dielectric insulator [59, 60], in plasma etching of silicon [61, 62], and thermal and
sound insulation due to its high electron affinity [63, 64]. Until recently SF6 was not
considered for use in Negative Ion Time Projection Chambers (NITPCs). Although
the electronegativity of SF6 was well known, it was assumed the high electronega-
tivity that makes SF6 attractive for other applications would make gas gain in SF6
difficult. Mainly, the electrons cannot be stripped from SF−6 even in the high field
region of gaseous amplification devices such as Multi-Wire Proportional Counters
(MWPCs).
However, recently our group demonstrated gas gains in SF6 utilizing Thick Gas
Electron Multipliers (THGEMs) [101]. In addition to demonstrating gas gain, our
group verified two crucial properties of SF6 for NITPCs: SF6 has low gas diffusion,
and the existence of the faster secondary drift species, SF−5 . The production of a
secondary species with a distinct drift velocity is necessary for fiducialization (recall
Equation 1.3). Our conclusion was the low diffusion, the ability to fiducialize, and
the non-toxicity make SF6 an ideal gas for WIMP searches with NITPCs.
This chapter studies SF6 in TPCs with the following two goals. The primary
goal is to verify the thermal drift behavior of the primary negative ion SF−6 as a
function of the drift field EDrift, the drift distance Z, and the gas pressure P. This
includes measuring the diffusion σDiff . The second goal is to precisely measure two
quantities that are discuss in detail in Section 2.4. They are the contribution to the
effective diffusion (or the broadening of the track) due to the capture length of the
primary electrons (σCapt) and the contribution due to the THGEM pitch (σTHGEM).
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σCapt and σTHGEM are useful quantities to measure in their own right, because σCapt
is applicable to any SF6 TPC regardless of the amplification device and the readout
electronics, and σTHGEM is applicable to any TPC utilizing THGEMs regardless
of the gas. In order to achieve these goals, the experiment consists of a series of
experiments performed in either 20, 30, and 40 Torr SF6 with each of the following
EDrift and Z; EDrift = 200 V/cm, 400 V/cm, 600 V/cm, 800 V/cm, and 1000 V/cm
and Z = 3.175 cm, 8.255 cm, 13.335 cm, 18.415 cm,23.495 cm, and 28.575 cm.
The chapter proceeds by first describing the experiment and the data acquisition.
Next, the data analysis and the typical signals are discussed. After this, two inde-
pendent “measurement” techniques are presented which combine the data (collected
at different P , EDrift, or Z) in order to extract σDiff , σCapt, and σTHGEM . Then,
an experimental complication involving the non-δ-function nature of the ionization
source is discussed and the effect modeled. In order to overcome this complication,
two “extraction” techniques are discussed. Lastly, the results are presented and
discussed.
2.2 Experimental Setup and Data Acquisition
This section presents the experiment and the data acquisition. Figure 2.1 shows
the NITPC detector schematically. The detector has a 2.54 cm thick, 30 cm long
acrylic, cylindrical tube capped on the ends with an anode consisting of a THGEM
(right green) and an aluminum cathode (left). Along the length of the cylinder
interior is the PCB mylar film that supports the 1.3 cm thick, 2.54 cm pitch copper
strips for the field cage (bronze). Between each field ring is a 56 MΩ resistor, allowing
a smooth step-down of the cathode voltage. The field cage ensures the uniformity
of EDrift, which is important to preserve the shape of the charge distribution as
it diffuses and drifts to the THGEM readout. Spaced between the field rings and
along the length of one side of the cylinder are 2.54 cm diameter circular holes. A
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210Po alpha source is mounted on an adjustable, motor-driven slider (designed by
Eric Lee). Through a narrow collimator the 210Po alpha source emits alpha particles
into the detection region at specific Z locations defined by the holes. The detector is
place inside the large ”MiniDRIFT” vacuum vessel (Figure 2.1, right), where it can
operate in a controlled, low pressure gas environment. The vacuum vessel is called
“MiniDRIFT” due to its use as a prototype DRIFT-like detector (see Section 1.6.4
for the DRIFT experiment).
Figure 2.1: Schematic of the 30 cm acrylic cylindrical detector. The THGEM
(right green PCB) and aluminum cathode (left) cap the ends. Along the
interior of the cylinder are periodically spaced fields rings, and between the
rings along the front side of the cylinder are periodically spaced circular
holes. With the motor-driven slider designed by Eric Lee, the 210Po can fire
alpha particles at different Z locations into the detector.
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Figure 2.2: MiniDRIFT vacuum vessel
used to house the 30 cm acrylic cylindri-
cal detector. The high frequency filter box
is seen resting on top of the vessel (top
right).
The detector is powered with two separate power supplies. The cathode power
supply is able to supply a voltage up to −60kV . In order to remove much of the high
frequency noise introduced by the power supply, the high voltage is directed through
a low pass filter box. Since the filter box capacitors have a breakdown voltage of
36 kV , the negative high voltage applied to the cathode is maintained below 30 kV .
The THGEM performs the dual function of charge amplification and signal readout;
i.e., no separate readout is utilized. The THGEM surface facing the drift volume is
grounded and the opposite surface is powered to positive high voltage. The THGEM
has a 3 cm by 3 cm amplification region surrounded by copper plating out to 9.5
cm by 9.5 cm. This additional copper area helps preserve the uniformity of the drift
field near the THGEM. The high voltage surface of the THGEM is read out using an
ORTEC 142 charge sensitive preamplifier. The voltage signals from the preamplifier
are then collected with the Tektronix TDS 3054C digital oscilloscope and written to
text with the provided National Instruments software.
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2.3 Measuring the Track Width (σ′Z)
This section describes what the signals are and the steps of the data analysis
leading up to the measurement of the signal width. It will be shown in Section 2.4
that measuring the signal width is the first step toward determining σDiff , σCapt,
and σTHGEM . The measured signal width is referred to as σ
′
Z . In summary, the steps
are: the voltage baseline removal, the conversion of the voltage signal to the current
signal, the noise reduction with a Gaussian filter, and the fitting of the SF−6 charge
distribution.
2.3.1 Baseline Removal
Since the voltage signals from the preamplifier are negatively offset from zero, the
first step of the data analysis is the baseline removal. The baseline is calculated and
removed on an event-by-event basis with the follow procedure. The average voltage
for three regions of the time window is calculated. The three regions are 1000 samples
long and begin and end at the array indexes: 100 to 1100, 1100 to 2100, and 8900
to 9900. The total number of data samples is 10, 000. The location of the three
regions are specifically chosen to exclude all portions of the track, which typically
start at 4000 and end by 8000. The first and final 100 samples are excluded to avoid
edge effects. Next, the regions are averaged together, and the result is subtracted
from each sample of the voltage signal. The resulting baseline subtracted voltage is
referred to as VRaw. Figure 2.3 shows a typical VRaw in 40 Torr SF6, EDrift = 400
V/cm, and alpha source location ZSource = 28.575 cm. The vertical green lines in
Figure 2.3b mark the locations in time where the rise time cut (RT cut) is calculated.
The RT cut is described in Section 2.6.1.
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Typical Voltage Signal
(a) (b)
Figure 2.3: Typical voltage signal at 40 Torr SF6 for 400 V/cm and ZSource =
28.575 cm (2.3a), and a closeup view of the voltage rise time (RT) (2.3b).
2.3.2 Current Conversion
Consider Figure 2.3a and notice the preamplifier decay tail. In order to calculate
track properties such as the track length, the energy, and other track properties the
preamplifier decay time must be removed from the signal. Often this is done with a
hardware shaper. Unfortunately, although the hardware shaper removes the decay
time, it makes track properties such as the event energy difficult to measure. Since
the event energy is vital for this work, an alternative approach is used. The voltage
signal is converted in software to a signal proportional to the current I:
I ∝ dV
dt
− V
τ
, (2.1)
where V is the preamplifier voltage and τ is the decay time of the preamplifier. The
decay time is measured to be τ = 90µs. Due to the time derivative in Equation 2.1,
the point to point fluctuations in the current are large and Gaussian filtering (or
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other noise reduction) is required to bring the signal out of the noise. Figure 2.4a
shows I after the Gaussian filtering step (Section 2.3.3). Equation 2.1 is an essential
step for all data analysis in this work, and thus is referred to repeatedly.
Typical Current Signal
(a) (b)
Figure 2.4: Typical current signal I at 40 Torr, EDrift = 400 V/cm, and ZSource =
28.575 cm with 0.044 mm Gaussian smoothing. The red curve is the Gaussian fit
for the SF−6 charge distribution.
2.3.3 Gaussian Filtering
The current signal I is Gaussian filtered to bring the signal out from the noise.
Gaussian filtering (smoothing) is equivalent to convolving the signal with a normal-
ized Gaussian kernel. The convolution operation takes the signal and replaces each
sample of the signal with the Gaussian average of the sample and the surrounding
points. The extent and degree of filtering is characterized by the width σFilt of the
kernel. The smallest σFilt is selected in order to minimize the signal broadening and
distortion brought about by the filter. For the experiments performed at EDrift = 400
V/cm, 600 V/cm, 800 V/cm, and 1000 V/cm, a σFilt = 0.044 mm is chosen. For
EDrift = 200 V/cm, a σFilt = 1 mm is selected, because these experiments are noisier
and required increased filtering. The broadening of the track width due to σFilt will
be shown to be small in comparison to the other contributions to the track width.
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2.3.4 Measurement Of The Track Width (σ′Z)
Next, the track width σ′Z is measured. For this, the SF
−
6 charge distribution
is fit with a Gaussian, where the fitted σ is σ′Z . The fit region is determined by
locating the maximum current IMax and iteratively searching for the location where
the signal to the left of IMax and to the right of IMax drops to zero. Consequently,
the fit region includes the entire SF−6 charge distribution. The motion of positive
ions away from the THGEM and toward the cathode has a distortion effect on the
right-side of the SF−6 charge distribution. However, for this experiment the effect is
assumed to be small based on the low χ2 resulting from the fit to the entire charge
distribution. Therefore, the motion of the positive ions is ignored.
2.4 Two “Measurement” Techniques
This section presents how the primary goal (verifying the negative ion behavior
of SF6) and the secondary goal (measuring σDiff , σCapt, and σTHGEM) are accom-
plished by means of combining experiments performed at different P , EDrift, and Z.
Consider again Figure 2.4, which shows the current signal of a typical track arriving
at the anode. The signal width (σ′Z) has a number of contributions that are assumed
to be uncorrelated. In this case, they add together in quadrature:
σ′
2
Z (P,Z,E) = σ
2
Diff (Z,E) + σ
2
Capt(P,E) + σ
2
THGEM + σ
2
Filt + σ
2
∆Z0
, (2.2)
where in parenthesis the explicit dependencies of each quantity are written. P is
the total gas pressure, E (EDrift) is the drift field, and Z (L) is the drift distance.
σDiff is the contribution to σ
′
Z from the diffusion, which is given by Equation 1.2.
Notice σDiff depends on Z and E but not on P . The other terms that contribute
to σ′Z are: σCapt, the capture distance of the electron by the SF6 molecule; σTHGEM ,
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from the smearing due to the THGEM pitch; σFilt, which is due to the Gaussian
noise reduction filter (discussed in Section 2.3.3); and σ∆Z0 , which is the term arising
from the non-δ-function nature of the alpha source. For the time being, the σ∆Z0
contribution is ignored because it is independent of the techniques described in this
section. It is discussed separately in Section 2.5. Consequently, define the quantity
σZ such that:
(σ′Z)
2 = σ2Z + σ
2
∆Z0
, (2.3)
where σZ is:
σ2Z(P,Z,E) = σ
2
Diff (Z,E) + σ
2
Capt(P,E) + σ
2
THGEM + σ
2
Filt. (2.4)
2.4.1 “Constant EDrift Technique”
The first “measurement” technique is referred to as the “Constant EDrift Tech-
nique”, because the data is considered jointly for a fixed EDrift and P . For this
technique, the σ2Z for all data at a given P and EDrift are plotted as a function of
Z. Consider the Z dependence of each contribution: σDiff depends on Z through
Equation 1.2; σCapt depends on the capture length of the primary electrons, which
is independent of Z; σTHGEM is independent of Z, and σFilt is a constant. Since all
contributions except σDiff are independent of Z, extrapolating the curve to Z = 0
gives the quadratic sum of σCapt and σTHGEM . Recall σFilt is small and can be ig-
nored. If the intercept is called “b”, then b = σ2Z(Z = 0) = σ
2
Capt + σ
2
THGEM . Also
calculated is TIon:
TIon =
meEDrift
2k
, (2.5)
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where TIon is the effective temperature of the drifting negative ions, the slope m of
the fit line, k is the boltzmann constant, and e is the fundamental charge. Along
with other quantities, TIon will be utilize to characterize the thermal nature of the
negative ion drift.
Next, consider the P and EDrift dependencies of σCapt. σCapt depends on the SF6
capture cross-section, which can have a complicated dependence on EDrift. In SF6
the cross-section peaks at zero electron energy, or EDrift = 0. Also, σCapt should
decrease as the gas pressure increases. This is because the number density decreases
and the electron travels a longer distance before encountering a gas molecule. Con-
versely, if the gas pressure is very high the electron is quickly captured. Therefore, as
EDrift goes to zero and P becomes large the capture length goes to zero, resulting in
σCapt(EDrift = 0&P → ∞) = 0. Consequently, σTHGEM is extracted by measuring
σZ over a range of pressures and extrapolate the curve of σ
2
Z simultaneously to Z = 0
& EDrift = 0 (σTHGEM =
√
σ2Z(Z = 0&EDrift = 0)). Once σTHGEM is determined,
σCapt follows from b (σCapt =
√
b− σ2THGEM).
2.4.2 “Constant Z Technique”
Although the Constant EDrift Technique is sufficient to measure σTHGEM and
σCapt, the following second procedure was developed as an independent check. This
procedure begins with the assumption that the negative ions drift thermally for all
EDrift. Although this assumption is not strictly true, results from the Constant E
Technique verify that it is approximately true. This assumption implies that σDiff
is approximately thermal (σDiff ≈ σThermDiff ) for all EDrift. Next, the σZ of the
data at a fixed Z and a given P are combined to plot σZ as a function of EDrift.
The curve is then fit with the function σZ =
√
σ2DiffTherm + c, where the only fit
parameter c equals the quadratic sum of σCapt and σTHGEM (c = σ
2
Capt + σ
2
THGEM).
Taking the σTHGEM from the Constant EDrift Technique, σCapt is measured. The
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results will be shown to be consistent with the Constant EDrift Technique.
2.5 Complication: Non-δ-Function Nature of The
Initial Ionization Track
Here the consequences of the non-δ-function nature of the alpha source are dis-
cussed. The alpha particles enter the detector with a nonzero spread in Z. To
discover how this affects the measured σZ , consider Figure 2.5. It depicts the cone
of alpha particles entering the detector and the subsequent shape of the charge dis-
tribution along Z upon readout at the THGEM. Let the Z-axis point toward the
GEM (right) and the X-axis point toward the top of the page. The blue alpha track
is the track fired along the X-axis (perpendicular to Z). This track is a line charge
in the XZ plane, and a point track in Z. Therefore, it has no initial spread in Z
(∆Z0 = 0). The green tracks represent all other tracks within the cone which exit the
collimator at some angle relative to the X-axis. When projected onto the XZ plane,
the green tracks are square pulses. Projecting further along Z they are line tracks
with ∆Z0 > 0. Consequently, the primary ionization created by the alpha particles
has an initial spread ∆Z0 ≥ 0. The frequency of each ionization track ∆Z0 depends
on the collimation angle, the length of the collimator, the 210Po distance to THGEM
active region, and other detector geometries. Let the probability distribution for
∆Z0 be ρ(∆Z0).
Next, consider the drift of the point track ∆Z0 = 0 (blue) and the line tracks
∆Z0 > 0 (green) to the THGEM. The net effect of diffusion can be approximated
with the convolution of ∆Z0 with a Gaussian of width equal to σDiff . Consequently,
the point track diffuses into a perfect Gaussian, while the line tracks are elongated.
Therefore, each track has an additional ∆Z0 contribution to its measured width (σZ),
which is always greater or equal to the result of Equation 2.4.
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Figure 2.5: Diagram of the gas diffusion comparing the diffused track at the readout
for ∆Z0 = 0 (blue) and ∆Z0 > 0 (green).
Since our interest is in the extraction of σDiff from the data, we need to know
how the ∆Z0 distribution effects the measured track width σ
′
Z . To answer this
question, a geometrical monte carlo simulation is performed to estimate the shape of
ρ(∆Z0) and the largest possible ∆Z0. The steps of the monte carlo are the following.
First, the location of the emitted alpha particle is randomly chosen within a circle
of diameter equal to that of the collimator (DCollimator = 0.251 cm). The origin of
the simulation is the center (X = 0, Y = 0) and the base (Z = 0) of the collimator
(intersection of collimator and the source). Next, the direction of the emitted alpha
particle is selected isotropically by uniformly selecting the azimuthal angle φ and
cosine of the polar angle cos(θ) between 0 and 2pi1. Next, the alpha particle is
linearly propagated to the edge of the collimator (Z = lCollimator), where the length
of the collimator is lCollimator = 1.955 cm. Define the 2D radial distance at the Z
location of the collimator r(Z = lCollimator) =
√
X(ZCollimator)2 + Y (ZCollimator)2. If
r(Z = lCollimator) < DCollimator/2 the alpha particle successfully exits the collimator
1Note it is important to select cos(θ) from a uniform distribution and not θ, otherwise
the frequencies are overly concentrated at the poles (θ = 0, pi).
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and enters the detector. If r(Z = lCollimator) ≥ DCollimator/2 the particle strikes the
collimator. For the later case, the trajectory is aborted and the previous steps are
repeated for another alpha particle. For the trajectories that enter the detector, ∆Z0
is calculated by propagating the particle from Z = lCollimator to Z = lCollimator+lGEM ,
where the length of the active region of the THGEM is lGEM = 3 cm. Notice only the
additional propagation distance across the THGEM LGEM is necessary to consider
for ∆Z0. Therefore, ∆Z0 = Z(lCollimator + lGEM) − Z(lCollimator). Six million alpha
particles are simulated in this manner. The resulting probability distribution ρ(∆Z0)
is shown in Figure 2.6. ∆Z0 = 0 is the most probable initial track extent. For
∆Z0 ≥ 0, ρ(∆Z0) monotonically decreases to zero, where the maximal ∆Z0 occurs
near (∆Z0)max = 3.5 mm.
Monte Carlo ∆Z0 Simulation
Figure 2.6: Monte Carlo (MC) simulation
for ∆Z0, where |∆Z0| is the absolute value
of ∆Z0.
The shape of ρ(∆Z0) and the range of ∆Z0 indicate that the contribution of ∆Z0
to measured track width σ′Z cannot be ignored. For this reason it is essential to
develop a method either to decrease σ∆Z0 , to extract the σZ from the measured σ
′
Z
distribution, or to locate the σ∆Z0 ≈ 0 tracks. The former is possible by narrowing
the cone opening angle, either by decreasing DCollimator or by increasing lCollimator.
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Although increasing the collimation lowers the effect of σ∆Z0 , it also reduces the
rate of alpha particles entering the detector. Since the event rate with the current
collimation is already low (≈ 1Hz), increasing the collimation is not an ideal option.
Another method measures σZ from σ
′
Z with the statistics technique commonly re-
ferred to as bootstrapping. This “Bootstrapping Technique” is further discussed in
Section 2.7. The third method extends the Monte Carlo simulation and attempts to
simulate σ′Z for a given σDiff (Section 2.6.3). We refer to this technique with the
shorthand, “MC Technique”.
2.6 “Extraction” Techniques
In this section the techniques to extract σZ from the measured σ
′
Z distribution
are discussed. Prior to employing either technique a troublesome class of events
are removed with the so-called Rise Time (RT) Cut. On the remaining data, two
independent techniques measure the underlying σZ at the particular P , EDrift, and
Z of the experiment from the σ′Z distribution.
2.6.1 Rise Time (RT) Cut
The first step is to apply the following cut to the data, which rejects “unphysi-
cally” fast RTs. In this work RT is the time the voltage signal takes to increase from
10% to 25% of the maximum voltage VMax. The RT calculation is depicted by the
vertical green lines in Figure 2.7, where the left and right lines intersect the X-axis
where VRaw crosses the 10% and the 25% thresholds respectively. Typical voltage
signals have RT ≈ few µs, whereas the fast-RT events have RT ≤ 0.2 µs, which
equals the oscilloscope digitization rate = 1
0.2µs
= 5 MHz. For example the nuclear
recoil signal in Figure 2.7 has RT = 9 µs. The fast-RT events are detrimental to the
analysis because their shape is distorted; they are positively skewed. Consequently, if
they are not rejected the σ′Z distribution is misshaped in the crucial small σ
′
Z region
of the distribution. Therefore, the RT cut removes events with RT ≤ 0.2µs.
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Unfortunately, these fast-RT events occur in all experiments in this work. For
this reason, a brief digression into possible causes/sources of these events is presented
next. First, there are several variations/classes of the fast-RT events. The simplest
class is sparks or micro-sparks, where the voltage jumps from 0V to VMax in ≈ 0.2µs.
The second class has structure in the voltage signal above the 25% threshold, and
thus unlikely to be sparks or micro-sparks. One possible origin for this class is that
they are events originating very close to the THGEM, perhaps even inside a THGEM
hole. In the high field region close to, or inside the THGEM, it is possible that not all
of the primary electrons are captured by the SF6 molecules. Thus, the uncaptured
part of the track produces the fast portion of the signal, with the negative ions
responsible for the subsequent structure. Nevertheless, since all classes of fast-RT
events can be removed with RT ≤ 0.2µs, the discovery of their source is left for
future work.
Figure 2.7: The same voltage signal in Fig-
ure 2.3, but focused on the RT measure-
ment.
2.6.2 Bootstrap Technique
Before describing the bootstrap technique [65] to measure σZ , the technique is
briefly motivated. In order to extract σZ , the location in the σ
′
Z distribution where
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the σ∆Z0 contribution is approximately zero will correspond to σZ ≈ σ′Z . Consider a
typical σ′Z distribution: Figure 2.8, which is the result of the experiment performed
at P = 40 Torr, EDrift = 400 V/cm, and Z = 3.175 cm. Also, recall that the ∆Z0
distribution decays for large ∆Z0 (see Figure 2.6). Based on the ∆Z0 distribution,
the right side of the distribution consists of tracks whose width is dominated by σ∆Z0 .
Therefore, σZ does not correspond to the tail.
Figure 2.8: The measured distribution of
track widths (σ′Z) for the experiment per-
formed at P = 40 Torr, EDrift = 400
V/cm, and Z = 3.175 cm.
Next, consider the peak of the distribution, which corresponds to the most fre-
quently measured track width. Even though the most frequent ∆Z0 is zero, any
small, unconsidered contribution to the width (such as fluctuations in dE
dx
, inhomo-
geneous fields, non-straight trajectories from alpha scatters) will only act to increase
the track width. The net effect of these contributions and σ∆Z0 > 0 is to make the
most frequently measured track width greater than σZ . Ultimately, the tracks with
the smallest σ′Z correspond to σZ , and σZ is determined by precisely identifying where
the σ′Z distribution on its left side begins to deviate from zero. In order to quan-
tify this location and its uncertainty, the 0.05 quantile statistic and the bootstrap
technique are utilized.
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Here is a brief description of the bootstrap technique and how it is utilized to
determine σZ , based on Refs. [65, 66, 67]. The first step is to randomly sample
the data distribution N times with replacement, obtaining N bootstrap samples.
We chose N to equal the total number of events in the distribution, which is a
common choice. The result is a “new” bootstrap distribution derived from the data
distribution. The bootstrap distribution is distinct from the data distribution with
high probability, but it should be representative of the data distribution. Next, the
0.05 quantile statistic is calculated over the bootstrap distribution. This bootstrap
statistic represents a single estimation of σZ . The procedure is repeated ten thousand
times, resulting in a distribution of bootstrap σZ ’s. It is from this final bootstrap
σZ distribution that σZ is determined. σZ is given by the mean of the distribution,
and the measurement uncertainty by the standard error of the mean. Figure 2.9
shows the bootstrap σZ distributions for 40 Torr, 400 V/cm, and the six Z. The
distributions suggest the bootstrap technique provides a good estimate of σZ and its
measurement error, because they are roughly symmetric about a central value and
their widths are narrow. An indication of the “failure” of the bootstrap technique
would be non-convergence of bootstrap statistic.
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Bootstrap Method (40 Torr, 400 V/cm)
Z = 3.175 cm
(a) µ = 0.224 mm
Z = 8.255 cm
(b) µ = 0.334 mm
Z = 13.335 cm
(c) µ = 0.433 mm
Z = 18.415 cm
(d) µ = 0.502 mm
Z = 23.495 cm
(e) µ = 0.573 mm
Z = 28.575 cm
(f) µ = 0.624 mm
Figure 2.9: σZ is extracted from the σ
′
Z distribution utilizing the Bootstrap Technique
and the 0.05 quantile statistic. Shown are the bootstrap σZ distributions for 40 Torr,
400 V/cm for each Z. The mean and standard error of the mean for these distribution
gives σZ and its associated measurement error.
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2.6.3 Monte Carlo (MC) Technique
The second “extraction” technique extends the Monte Carlo simulation discussed
in Section 2.5. First, unit height square-wave pulses are generated with lengths
(widths) randomly selected from ρ(∆Z0). Second, each square pulse is convolved
with a Gaussian of σSim. This procedure is repeated over the range σSim = 0.15mm
to 0.9mm in steps of 0.01mm, which encompass the complete range of possible σZ
based on the results of the Bootstrap Technique. Since σDiff is greater than or
equal to σThermDiff , the simulation starts with σSim = σThermDiff and iteratively
increases σSim through the remaining range of σSim. For each σSim the test statistic
χ is evaluated, where χ is the sum of the absolute difference between the measured
distribution and the σSim distribution; χ =
∑
i(|Datai − Simi|), where i is the bin
number. The best match is the σSim distribution where χ is a minimum. Figure
2.10 shows the χ’s at 40 Torr, 400 V/cm, and each Z. Unfortunately, this technique
assumes σCapt and σTHGEM are Gaussian effects which can be simulated with a single
Gaussian, which is not strictly true. For example, the electron capture length, σCapt
is likely to obey an exponential distribution. The shape of the σTHGEM is unknown,
and could be complicated. Also, not considered are the effects of nonuniform fields,
charge loss, fluctuations in dE
dx
, and non-straight trajectories due to alpha scatter.
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Test Statistic (MC Technique)
Z = 3.175 cm
(a)
Z = 8.255 cm
(b)
Z = 13.335 cm
(c)
Z = 18.415 cm
(d)
Z = 23.495 cm
(e)
Z = 28.575 cm
(f)
Figure 2.10: Test statistic χ for the MC Technique best-match σSim at 40 Torr, and
400 V/cm.
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Figure 2.11 shows the best-matched σSim distribution (red) compared with the
measured σ′Z distributions at 40 Torr and EDrift = 400 V/cm (black). Although
the measured σ′Z distributions are well matched in the large σ
′
Z tail region, the
measured σ′Z distributions often have a slower rising time than predicted by the
σSim distributions. The mismatch for the small σ
′
Z edge is more severe at large Z.
Since ∆Z0 ≈ 0 and σZ are expected to have the smallest σ′Z , the MC Technique
may be overestimating σZ for large Z. This would lead to a systematic increase
in TIon. Future work is required to determine the cause and fix for the systematic.
Nevertheless, the MC Technique is an independent check of the Bootstrap Technique.
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Measured σ′Z and Best-match σSim (MC Technique)
Z = 3.175 cm
(a)
Z = 8.255 cm
(b)
Z = 13.335 cm
(c)
Z = 18.415 cm
(d)
Z = 23.495 cm
(e)
Z = 28.575 cm
(f)
Figure 2.11: Best match σSim distribution (red) compared to the experiment at 40
Torr and EDrift = 400 V/cm (black).
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2.7 Discussion and Results: Bootstrap Technique
This section discusses how the Bootstrap Technique is utilized to measure σDiff ,
σCapt, and σTHGEM . In order to quantify the thermal behavior of the gas, TIon is
measured and based on TIon the quantity ENonTherm is estimated. ENonTherm is the
EDrift corresponding to significant deviation from thermal behavior. ENonTherm is
said to be “estimated” because its resolution is 200 V/cm (the granularity of the
data) and its value is subjectively based on the EDrift where TIon has deviated
“significantly” from room temperature (300K). Consequently, the criteria for the
transition to non-thermal behavior will be defined to be the EDrift where TIon > 350.
Also, the important quantity for the detector operation is the diffusion σDiff , which
could potentially be small (≈ 200µm) even for “high” TIon.
These measurements are performed with two different techniques; the Constant
EDrift Technique and the Constant Z Technique. TIon is measured exclusively with
the Constant EDrift Technique with Equation 2.5. b is identified with the intercept,
and σCapt and σTHGEM are measured from b. The Constant Z Technique fits the
curve of σZ versus EDrift with the function
√
σ2ThermDiff + c, where c is the only
fit parameter. It assumes σDiff ≈ σThermDiff , which is shown to be valid with the
Constant EDrift Technique.
2.7.1 Results: Constant EDrift Technique
First, consider the thermal behavior at P = 20 Torr and the curve of σ2Z versus
Z. Figure 2.12 shows the results for EDrift = 400 V/cm (red), 600 V/cm (blue), and
800 V/cm (green). Since room temperature TRoom is 300 K, the TIon’s indicate non-
thermal behavior by EDrift(P = 20Torr) = 600 V/cm and the deviation increases
with EDrift. Consequently, ENonTherm(P = 20Torr) ≤ 600 V/cm. Next, consider
the results for P = 30 Torr in Figure 2.13. It suggests ENonTherm(P = 30Torr) ≤ 800
V/cm. The final pressure tested is 40 Torr. Similarly, Figure 2.14 shows the 40 Torr
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ENonTherm ≤ 800 V/cm. The TIons are summarized in Figure 2.16, and ENonTherm:
ENonTherm(P = 20Torr) ≤ 600 V/cm, ENonTherm(P = 30Torr) ≤ 800 V/cm, and
ENonTherm(P = 40Torr) ≤ 800 V/cm.
20 Torr SF6
Figure 2.12: σ2Z versus Z location for 20 Torr SF6 and
EDrift = 200 V/cm (magenta), 400 V/cm (red), 600 V/cm
(blue), and 800 V/cm (green).
30 Torr SF6
Figure 2.13: σ2Z versus Z location for 30 Torr SF6 and
EDrift = 200 V/cm (magenta), 400 V/cm (red), 600 V/cm
(blue), 800 V/cm (green), and 1000 V/cm (black).
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40 Torr SF6
Figure 2.14: σ2Z versus Z location for 40 Torr SF6 and
EDrift = 200 V/cm (magenta), 400 V/cm (red), 600 V/cm
(blue), 800 V/cm (green), and 1000 V/cm (black).
T vs EDrift (Constant EDrift Technique)
Figure 2.15: Summary of T vs EDrift utilizing the Constant
EDrift Technique.
Next consider the intercept b, which is plotted for each pressure as a function
of EDrift in Figure 2.16. The 20 Torr experiment (blue) has the largest slope. The
30 Torr is next, and 40 Torr is approximately flat. There was a mistake during the
data collection for the 30 Torr, 200 V/cm data, so this data is removed from the
analysis. The reason for the trend of the increasing slope is σCapt dependence on
EDrift through the capture cross-section. Also, the results indicate as P decreases
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σCapt increases. This is consistent with the capture length increasing with decreasing
P due to the lower number density of the gas. Figure 2.16 supports the supposition
that as P goes to large pressures σCapt goes to zero. Unfortunately, only three
pressures were studied. Consequently, the intercept bb cannot be plotted versus P
and extrapolated to P → ∞. Since σCapt(P → ∞) → 0, it is possible such a curve
would asymptote toward a constant bb. In any case, the best that can be done is the
following assumption. Since the 40 Torr data is the largest pressure, assume a high
pressure curve if measured would be not too far from the 40 Torr curve. If so, let the
40 Torr curve approximate the high pressure curve and take EDrift → 0. The result
is bb(P = 40Torr) (dotted green), the intercept of the fit line for the 40 Torr data.
Therefore, with this assumption/approximation σTHGEM =
√
bb(P = 40Torr) =
99µm ± 11 µm. This measurement is consistent with our prior rough estimation
of the upper limit of σTHGEM (σTHGEM < 0.2mm), where the effect of σCapt was
ignored entirely so that b ≈ σ2THGEM [101].
b vs EDrift (Constant EDrift Technique)
Figure 2.16: b = σ2Capt + σ
2
THGEM is plotted versus EDrift
utilizing the Constant EDrift Technique.
If this value for σTHGEM is used, σCapt can be determined from b as a function
of EDrift (σCapt =
√
b− σ2THGEM). The result is shown in Figure 2.17. The σCapt
are consistent with the capture cross-section for SF6, which estimates the capture
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length to be of order 1 µm to 10 µm [101, 112]. Unfortunately, the data points at 40
Torr 400 V/cm and 600 V/cm are zero since for those experiments b is slightly less
than bb(P = 40Torr). Lastly, σDiff is estimated by subtracting in quadrature σCapt
and σTHGEM from σZ . The result is summarized in Figure 2.18, where each Figure
plots σDiff as a function of EDrift for a fixed Z.
Figure 2.17: Using the Constant EDrift Technique, σCapt
versus EDrift for 20 (blue), 30 (red), and 40 (green) Torr.
The measurement of σTHGEM utilizing the Constant EDrift
Technique is used; σTHGEM = 99± 11 µm.
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σDiff vs EDrift (Constant EDrift Technique)
Z = 3.175 cm
(a)
Z = 8.255 cm
(b)
Z = 13.335 cm
(c)
Z = 18.415 cm
(d)
Z = 23.495 cm
(e)
Z = 28.575 cm
(f)
Figure 2.18: σDiff vs EDrift for 20 Torr (blue), 30 Torr (red), and 40 Torr (green),
where σTHGEM and σCapt are taken from the Constant EDrift Technique: σTHGEM =
99µm± 11 µm and σCapt from Figure 2.17.
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2.7.2 Constant Z Technique
The following is a redundant measurement of ENonTherm and σCapt utilizing the
Constant Z Technique. It is meant to be a verification of the measurements from
the Constant E Technique. The first step is to plot σZ versus EDrift for a fixed
(constant) Z. Figure 2.19 shows the results, where the black dotted line represents
σThermDiff (EDrift) at L = ZSource. Assuming σCapt(EDrift) ≈ const and σDiff =
σThermDiff , the red (30 Torr) and green (40 Torr) dashed curves are the fits to the
function
√
σ2ThermDiff + c. The only fit parameter c = σ
2
Capt + σ
2
THGEM . The 20
Torr experiment is not fitted because it is highly non-thermal for at least half the
data points (EDrift ≥ 600 V/cm). Based on when the 30 Torr and 40 Torr curves
begin to deviate significantly from the fits, ENonTherm(P = 30Torr) ≈ 800 V/cm and
ENonTherm(P = 40Torr) ≈ 1000 V/cm. These measurements are consistent with the
Constant E Technique.
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σZ vs EDrift (Fit Lines: Constant Z Technique)
Z = 3.175 cm
(a)
Z = 8.255 cm
(b)
Z = 13.335 cm
(c)
Z = 18.415 cm
(d)
Z = 23.495 cm
(e)
Z = 28.575 cm
(f)
Figure 2.19: σZ vs EDrift for 20 Torr (blue), 30 Torr (red), and 40 Torr (green). The
black dashed line is σThermDiff (EDrift) at each Z. The red (30 Torr) and green (40
Torr) dashed lines are the fit curves for the function
√
σ2DiffTherm + c, where c is the
only fit parameter.
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Figure 2.20 shows the c parameter at each Z for 30 Torr (red) and 40 Torr (green).
Several trends are clear from the Figure. The first is that c increases linearly with Z.
The linear dependence is because σ2ThermDiff ∝ Z. The red and green dashed lines are
the linear fits. The second trend is c(P = 30Torr) > c(P = 40Torr). The intercept
of the fits are bc(P = 30Torr) = 0.017mm
2 ± 0.007mm2 and bc(P = 40Torr) =
0.007mm2 ± 0.003mm2. Similarly taking σCapt(P = 40Torr) ≈ 0 results in the
measurement σTHGEM =
√
bc(P = 40Torr) = 82µ m ± 20 µm. Using this value of
σTHGEM , gives σCapt(P = 30Torr) = 8.5µ± 4.2um. Both of these measurements are
consistent with the Constant E Technique.
c vs Z (Constant Z Technique)
Figure 2.20: Utilizing the Constant Z Technique c is plotted
versus Z, where the fit curve is σZ =
√
σ2DiffTherm + c and
c is the fit parameter.
2.8 Comparison with MC Technique
This section briefly discusses the results of the MC Technique and compares
with the Bootstrap Technique. Figures 2.21, 2.22, and 2.22 utilize the Constant E
Technique to measure TIon and ENonTherm. Figure 2.21 summarizes the results and
indicates non-thermal behavior at much lower EDrift than the Bootstrap Method.
The reason for the discrepancy is likely related to the slower rise time of the data
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compared to the simulation, which results in a poor matching of the left edge of the
distributions. Consequently, additional work is required to improve the Monte Carlo
simulation so that effects such as charge loss, non-uniform fields, fluctuations in dE
dx
,
non-straight trajectories, etc., which might effect large Z more than small Z.
20 Torr SF6 (MC Technique)
Figure 2.21: Utilizing the MC Technique, σ2Z versus Z lo-
cation for 20 Torr SF6 and EDrift = 200 V/cm (magenta),
400V/cm (red), 600 V/cm (blue), and 800 V/cm (green).
30 Torr SF6 (MC Technique)
Figure 2.22: Utilizing the MC Technique, σ2Z versus Z lo-
cation for 30 Torr SF6 and EDrift = 200 V/cm (magenta),
400 V/cm (red), 600 V/cm (blue), 800 V/cm (green), and
1000 V/cm (black).
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40 Torr SF6 (MC Technique)
Figure 2.23: Utilizing the MC Technique, σ2Z versus Z lo-
cation for 40 Torr SF6 and EDrift = 200 V/cm (magenta),
400 V/cm (red), 600 V/cm (blue), 800 V/cm (green), and
1000 V/cm (black).
T vs EDrift (MC Technique)
Figure 2.24: Utilizing the MC Technique, summary of T
versus EDrift.
2.9 Conclusion
In this chapter the thermal negative ion nature of SF6 was tested at 20, 30, and
40 Torr. The measurements were performed using two independent techniques. The
first technique measured the square of the total width of the track σ2Z versus the
210Po
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alpha source location Z. Utilizing this technique, the effective temperature of the
negative ions TIon and the drift field EDrift where significant deviation from thermal
behavior begins was measured. The results are: ENonTherm(P = 20Torr) ≤ 600
V/cm, ENonTherm(P = 30Torr) ≤ 800 V/cm, and ENonTherm(P = 40Torr) ≤ 800
V/cm. The quadratic sum of the track spreading due to the capture length σCapt
and the THGEM pitch σTHGEM was measured with the parameter b = σ
2
Capt +
σ2THGEM and extrapolated to Z = 0. Assuming σCapt(P = 40Torr) ≈ 0, σTHGEM
was measured from b; σTHGEM = 99µm±11 µm. Using the measured σTHGEM , σCapt
was measured as a function of EDrift. The second measurement technique assumed
thermal diffusion and fit the curve of σZ versus EDrift at constant Z with the function√
σ2ThermDiff + c. This method yielded the following measurements; σTHGEM = 81.5
µm± 20 µm, and σCapt(P = 30Torr) = 8.5µm± 4.2 µm.
In hindsight, the measurements could be improved with the following changes
to the experiment. The first improvement is to use a narrower collimator, despite
the rate reduction. The narrower collimation is the most direct method to decrease
the spot size of the alpha tracks and the errors associated with extracting σZ from
the measured σ′Z distribution. Another improvement is to increase the statistics,
especially for the intermediate Z region. Also, performing experiments at higher
pressures in order to more effectively extrapolate to P →∞ and EDrift → 0, where
σCapt → 0. Another idea is to reduce the experimental noise by placing a readout
board behind the THGEM and reading the charge from the readout board instead
of the THGEM. Lastly, collect data with a faster data acquisition system in order
to better resolve the structure of the shortest tracks and utilize less filtering.
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3.1 Introduction
This chapter presents the studies of the discrimination and the directionality of a
1D TPC operated in 30 Torr SF6 gas. This pressure was selected because we could
operate the TPC without gas breakdown at the highest drift field (1029 V/cm), where
diffusion was found to be the lowest. The measurements presented in this chapter
are the first discrimination and directionality measurements in a SF6 TPC for any
type of readout scheme, and they are the first measurements of discrimination and
directionality in any TPC utilizing 1D readout.
First consider discrimination. Discrimination is the ability to distinguish particles
based on the measured properties of the recoiling particle. The interacting particle
can deposit energy through scintillation [68, 69], phonons [70, 71], and ionization
[72, 73, 74] into the detection material. In the case of scintillation, the particle
interacts inelastically with an atom, exciting it a to higher electronic or vibrational
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mode. When the atom deexcites it can emit a scintillation photon. Phonons are
produced through an elastic scatter with the target material, exciting the crystal or
depositing heat. Ionization consists of the electron-ion pairs created when radiation
(photons or charged particles) strip an electron from a neutral atom. For a review
of particle energy loss in matter see Ref. [75, 76, 77].
Often discrimination involves designing the experiment to measure the energy
deposited into multiple channels. The ratio of the energy measured through each
channel is different depending on the interacting particle [78, 79, 80]. Discrimination
techniques involving the measurement of a single channel can involve pulse shape
analysis [81, 82, 83], pulse duration [49], and scintillation timing [84]. In the case of
low pressure TPC detectors, the energy and the length of the ionization signal can
be utilized for discrimination. This is because electronic recoils in a low pressure gas
tend to lose less energy per unit length of track (dE
dx
) than nuclear recoils at the same
energy. Consequently, electronic recoil tracks tend to be longer than nuclear recoils
for a given energy. As a result, discrimination in low pressure TPCs is possible based
on range (track length) versus energy.
The interesting regime for WIMP searches is the low energy regime, where elec-
tronic recoil and nuclear recoil tracks begin to look similar. This is the result of
several factors. The first is that track lengths get shorter with energy and eventu-
ally become unresolved due to diffusion or the granularity of the readout electronics.
Another factor is the charge of the recoiling ion. The following description is taken
from Hitachi [86]. The primary interaction creates the ion with a certain charge. At
low energies, the ion tends to acquire electrons as it recoils and neutralize. When the
ion is neutral no more ionization is created and the remaining energy is deposited
through collisions with other neutral molecules (heat). At this point discrimination
is lost. We define the energy at which this occurs to be EDisc. In terms of the range
versus energy EDisc is where the electronic and the nuclear recoil distributions over-
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lap. This work is the first to study discrimination in a TPC detector that utilizes
SF6.
Figure 3.1: A depiction of the ionization
energy lose per unit length dE
dx
is for nuclear
recoils. There is ionization dE
dx
at the start
(left) compared the end (right). The ar-
row represents the direction of the nuclear
recoil.
The other measurements discussed in this chapter involve the directionality of
nuclear recoils in SF6. Directionality comes in two forms: axial and vector (head-
tail). This work measures the latter, which is due to an intrinsic asymmetry in the
ionization charge profile along the recoil track. Previous measurements indicate that
the ionization dE
dx
decreases with the recoil energy [85, 87, 88, 89, 90]. Consequently,
the level/power of the directional signal also decreases with the recoil energy. The
energy where the directionality disappears will be referred to as ESkew.
Directionality is a crucial step in our track reconstruction procedure. Track re-
construction begins by constraining the track to lie along an axis. For 2D readout
the axis lies in the readout plane, and for 1D readout the axis is along the readout
dimension. In either case, the result is a track with axial direction, where the vector
direction of the track has two options. The ambiguity is resolved by exploiting the
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Bragg curve (specifically the ionization channel) for low energy nuclear recoils. The
ionization Bragg curve shows the ionization energy loss dE
dx
along the track is higher
at the start (tail) of the track compared to the end (head) [85, 87, 88, 89, 90]. The
charge distribution is depicted for 1D in Figure 3.1. It shows the vector direction of
the track starts from the region of ionization dE
dx
(left) and points toward the region
of low ionization dE
dx
(right). In 1D, the skewness can be either positive (more charge
at the start of the track), or negative (more charge at the end of the track). Figure
3.2 shows an example negatively skewed signal (left) and a positively skewed signal
(right).
Figure 3.2: Diagram depicting nega-
tive (left) and positive (right) skewness.
Credit: Ref. [91].
Other factors affecting discrimination and directionality in TPCs are the gas pres-
sure and the quenching factor Q [85, 87, 88, 89, 90]. Since we have measured the
track lengths to decrease as the gas pressure increases, the level/power of the dis-
crimination at a given energy decreases with pressure. Consequently, discrimination
is often better for low gas pressures. As for the quenching factor, it is defined to be:
Q =
Eee
ER
, (3.1)
where Eee and ER are respectively the energy deposited into the ionization channel
(electron equivalent energy) and the kinetic energy of the recoil [87]. Of interest in
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this work are nuclear quenching factors, which mainly depend on the target material,
and the energy of the recoil [87]. Consequently, Q must be measured for the target
and the energy range of interest. If Q is known the recoil energy can be extracted
from the measured Eee of the track. For electronic recoils Q is approximately 1.
Affecting the discrimination and the directionality is the energy dependence of Q,
which typically decreases monotonically with energy at low energies [85, 87]. As a
result, at a particular recoil energy the nuclear dE
dx
and the electronic dE
dx
converge,
resulting in no discrimination even with perfect track reconstruction and track reso-
lution. Consequently, the recoil energy where discrimination disappears depends on
the Q factor. Q’s have been measured for many nuclei, recoil energy ranges, and
target gases. For example, Hitachi measures Q’s for: He, Ne, and Ar and the ions
Xe and C, N , O, Ar, and Pb in Ar [85]. He also proposes theoretical models for Q in
Ref [86]. Due to their importance in the dark matter community, there are facilities
dedicated to measuring nuclear quenching factors. One such facility is the SICANE
facility, which measures Q’s for cryogenic detectors using nuclear recoils induced by
monoenergetic neutron beams [87]. Unfortunately, Q has yet to be measured for the
gas mixtures and pressures utilized in this work. Therefore, this work quotes the
track energies in terms of the electron equivalent energy Eee in units of keV ee.
This chapter characterizes the discrimination and directionality of SF6 by mea-
suring EDisc and ESkew with a simple 1D readout scheme. Often the discrimination
level/power is characterized by the rejection factor, which is the number of nuclear
recoils per electronic recoil that reside in the nuclear recoil band. For reasons that
will be come clear, the rejection factor is not calculated in this chapter. Instead, it
will be returned to in Chapter 5. Although the nuclear and electronic recoil popula-
tions merge at higher energy in 1D compared to 2D or 3D readout, the 1D readout
is an extremely low-cost option that has not been investigated for directional dark
matter experiments. The 1D readout requires 1 electronic channel whereas 2D or
3D readouts require many 1000’s to instrument strips or pixels, greatly increasing
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the cost and complexity of the experiment. The 1D TPC detector is described in
Section 3.2.
3.2 Experimental Apparatus
The experimental setup is identical to our setup in Ref. [101]. The TPC detector
is comprised of the 60 cm acrylic cylindrical tube, 2.54 cm thick with a 30.5 cm inner
diameter, sealed on the ends with the aluminum anode and cathode plates. In this
way the acrylic vessel serves as both the vacuum vessel and the TPC. The cathode
is connected to the high voltage power supply, which is able to provide a maximum
voltage of -60 kV. Field rings along the length of the interior of the cylinder ensure
the uniformity of the drift field along the detector axis. Each resister connecting
adjacent field rings is 56MΩ. The detector and the detailed SolidWorks schematic
of the detector (Eric Lee) are shown in Figures 3.3 and 3.4 respectively. The acrylic
high voltage shield is positioned over the cathode side of the detector for safety.
Figure 3.3: The 60 cm acrylic cylindrical vacuum vessel,
aluminum anode (right), and cathode plate (left). The
NL100 laser is mounted in front of the anode plate, and
the digital oscilloscope for data acquisition is on the right
edge.
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Figure 3.4: Schematic of the detector components of the 60 cm acrylic cylin-
drical detector. Credit: Ref. [101].
Similar to the TPC experiment discussed in Section 2.2, a THGEM with 3 cm
by 3 cm active region and 9.5 cm by 9.5 cm copper plating serves as both the gain
stage and 1D readout for the primary ionization of recoil tracks produced in the
TPC volume. The surface facing the detector interior is grounded and the anode-
facing surface is raised to high voltage and connected to the ORTEC 142 charge
sensitive preamplifier. The voltage signal from the preamplifier is acquired with the
Tektronix TDS 3054C digital oscilloscope and the National Instruments software.
Figure 3.5 shows the THGEM and the switchable on/off 55Fe source used for the
energy calibrations.
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Figure 3.5: Interior surface of the 60 cm
acrylic cylindrical detector anode plate.
Credit: Ref. [101].
3.3 Detector Preparation and Water Contamina-
tion
This section describes the motivation for the acrylic cylindrical design of the
detector and an unforeseen drawback. The DRIFT detector (see Section 1.6) is
composed of a steel vacuum vessel that houses the TPC. The vacuum vessel has sharp
corners and is grounded, requiring an insulating gap between it and the TPC. The
cylindrical design is employed to avoid sharp corners where large electric fields are
created and gas breakdown can occur. The acrylic material is utilized because of its
low cost, ability to hold vacuum, and electrical insulation, which allows the vacuum
vessel and TPC to be integrated into a single unit. Although the acrylic cylindrical
detector design improves upon the DRIFT detector design, it was discovered that
the acrylic absorbs water and suffers from a large amount of outgassing. Since
acrylic is porous, it easily absorbs gas molecules into its surfaces. Consequently, it is
known to be a “dirty” material. These ingassed molecules can later be outgassed and
contaminate the gas mixture. For this reason, acrylic is generally avoided in vacuum
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systems. Contaminates typically include low levels of water, nitrogen, oxygen, and
other compounds. Water vapor is especially troublesome because it has a strong
tendency to coat surfaces in a thin molecular layer and thus is difficult to remove.
A common technique to remove surface level contaminants like water from detector
components is to bake them. However, this technique cannot be applied to acrylic
because acrylic warps when heated to the high temperatures needed for baking.
This section describes the significant issue of water contamination and the procedure
implemented to minimize it.
The following technique is employed to reduce outgassing contamination into the
detector. First, the detector is pumped on with the roughing pump for several days
prior to experiments. Second, the detector is placed in a low humidity environment
by surrounding it with a thin, plastic shell containing desiccant. Next, the detector
is flushed two times with 200 Torr SF6 and pumped to baseline. This reduces the
residual contamination in the vessel by a factor of about ( 1
200
)2. Then the detector
is quickly raised to pressure and voltage to minimize the time the acrylic can outgas
into the vessel before the experiment begins. Once the detector is ready, a short laser
calibration (described in Section 3.4) is performed to verify the signal waveforms are
as expected, indicating minimal water contamination. A detailed description of the
strong distortion of the waveforms due to water vapor is described in Ref [101]. This
procedure works to stabilize the gas for 3 or 4 hours, which is long enough for the
studies in this work. Consequently, water contamination is bad for all gas mixture,
but is especially bad for SF6-based mixtures. T Therefore, future designs of the TPC
should take this into consideration and some thought should be given to using other
materials such as glass 1.
1Recommendation based on conversation with Dr. Paul Schwoebel.
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3.4 Charge Creation
The experiment requires the following ionization sources: the δ function ionization
tracks, which are produced via the ejection of electron from the cathode by the
Stanford Research Systems (SRS) NL100 337.1 nm pulsed nitrogen laser; the DD
generator, which produces neutron-induced nuclear recoils within the drift volume;
the 55Fe source, which create 5.9 keV ee x-rays for the energy calibration (described
below); the 60Co source, which creates gamma-ray induced electronic recoils within
the drift volume; and the background radiation, which consists mostly of cosmic rays
and occasional Radon Progeny Recoils (RPRs). See Section 1.6.3 for a description
of RPRs. This section describes in detail the use of each source.
The laser is utilized to repeatedly create identical point-like primary ionization
events along Z. This is done as is depicted in Figure 3.6. The laser is mounted in
front of the anode plate such that the laser pulses passes through a quartz window
located on the anode plate. The laser pulses travel through the gas volume and are
impingent on the inner surface of the cathode. This causes photoelectrons to be
ejected from the cathode and subsequently captured by SF6. Since each laser pulse
impinges on the same location on the cathode, each ionization cluster and resulting
signal are nearly identical. As Chapter 2 verified, starting with a δ function ionization
event is preferred in order to precisely measure the diffusion, which is the broadening
of the charge distribution as the charge drifts to the readout. Since the ionization
generated at the cathode is point-like and occurs at the same Z, 58.3 cm (total
length of drift volume), this technique is ideal to measure the diffusion and the drift
velocity of each negative ion drift species. In Ref [101], the reduced mobilities (see
Equation 3.2) for SF−6 and SF
−
5 and the diffusion are measured. Also, performing a
laser experiment is important in order to verify the quality (low water content) of the
gas. The issue of water contamination is presented in Section 3.3. In order to verify
the drift velocity, the diffusion, and the gas quality, a laser calibration experiment is
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performed before and after all science experiments. In Section 3.5 the mobilities and
the diffusion measured in this work are compared to Ref [101].
Figure 3.6: Schematic of NL100 laser ejecting electrons
from the cathode and subsequent capture by SF−6 .
The DD generator produces an isotropic beam of 2.2 MeV neutrons. These
neutrons are utilized to create nuclear recoils within the drift volume, where the
nuclear recoils are the events of interest in order to characterize the detector response
to prospective WIMP induced nuclear recoils. The DD generator is positioned near
the GEM-side and the Cathode-side of the detector and approximately aligned such
that the target plane coincides with the detector axis. The shorthand “GEM” and
“Cathode” will be used to refer to runs with the DD Generator positioned on the
GEM-side and the Cathode-side respectively. The placement of the DD generator
on each side of the detector allows for the directional study of low energy nuclear
recoil tracks maximally projected onto the readout dimension. Unfortunately, it also
produces a high rate of gamma-rays, which frequently interact in the detector and
create electronic recoils. Therefore, due to the slow acquisition rate of the oscilloscope
the data collected is predominately electronic recoils. This makes acquiring nuclear
recoil statistics difficult. In order to help alleviate the problem, I developed a custom
python module to operate the oscilloscope, which increased the data collection rate
by a factor of 2 to 3 over the provided Labview software. Unfortunately, this decrease
in the oscilloscope dead-time was not sufficient for the low energy regime of interest
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(tens of keV ee). Also, we performed several DD neutron experiments with lead
bricks in place in order to shield the detector from the gamma-rays. We observed
that, although the overall acquisition rate is reduced, the neutron-induced nuclear
recoil rate did not appear to increase relative to the electronic recoil rate. Therefore,
it was unclear how beneficial it was to incorporate the lead bricks. The solution that
is utilized in this chapter is to raise the detector energy threshold until the rate of
nuclear recoils and electronic recoils are comparable. The results are described in
Section 3.9.
In order to determine the nuclear recoil energy, an 55Fe calibration experiment
is performed. First, the remote-switchable 55Fe source located on the anode plate
is opened and the 5.9 keV ee X-rays are allowed to interact in the detector. Next,
the charge (area) for each 55Fe current signal is calculated and the result is his-
togrammed. Since the all events correspond to 5.9 keV ee, distribution is fit with a
Gaussian, where the peak corresponds to 5.9 keV ee. The result is a conversion factor
from the measured charge to energy. Figure 3.7 shows a typical 55Fe spectrum fit
with a Gaussian, where the mean X0 is the conversion factor. The energy resolution
is σA/X0; 30% for Figure 3.7.
55Fe runs are typically performed before and after the
experiment and the average between the two is utilized for the conversion. Averaging
the factors helps to incorporate changes to the gas gain due to the gas aging.
The final two sources are the 60Co source and the ambient background (no-
source). For the 60Co source, the 60Co nucleus decays to 60Ni, emitting an electron
at 317.9 keV ee and two gamma-rays with energies 1.173 MeV and 1.332 MeV [97].
These gamma-rays can Compton scatter with an electron bound to an atom in the
drift volume, causing the electron to recoil through the gas. This work measures
these electronic recoils to have typical energies less than 25 keV ee. Therefore, a
60Co experiment consists almost exclusively of electronic recoils, which is useful to
identify the electronic recoil band for discrimination and to characterize the electron
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Figure 3.7: 55Fe charge (area) spectrum
taken before the “GEM-side” DD neutron
experiment.
rejection factor. Lastly, ambient background experiments help to identify Radon
Progeny Recoils (RPRs). Each experiment is utilized to guide the selection cuts for
discrimination and directionality measurements.
3.5 Diffusion, Mobility, and Waveforms
This section summaries the reduced mobility and the diffusion measurements,
which are important calibration measurements used to compare with our previous
results [101]. The reduced mobility u0 is defined by
u0 =
VdN
EN0
, (3.2)
where Vd is the drift velocity, N0 = 2.68710
19 cm3 is the gas density at STP, and
N is the gas density. Unfortunately, Figures 4.8 and 3.8b show this work measures
u0 and the effective diffusion σZ to be slightly larger than Ref. [101]. The percent
difference for µ0 and σZ are roughly 1% and 7% respectively. Much effort was
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devoted to discovering the cause, but no differences of analysis or of experimental
procedure were discovered. Regardless, the minor discrepancy is not an issue for
this work because differences in the mobilities merely scale the length of the tracks.
Consequently, the discrepancy does not affect discrimination and directionality.
(a) Reduced mobilities µ0 com-
pared with Ref [101]. The percent
difference for both SF−6 and SF
−
5
is approximately 1%.
(b) σZ (effective diffusion) com-
pared with Ref [101]. The percent
difference is approximately 7%.
Figure 3.8: Comparison of this work’s measurements of the reduced mobility µ0 (left)
and the track width σZ (right) with our prior results in Ref [101].
Lastly, Figure 3.9 shows the laser-induced average waveforms at 20 Torr and
EDrift = 200 V/cm, 400 V/cm, 600 V/cm, and 800 V/cm. They show that the
EDrift dependence of the waveforms are consisted with previous results [101]. Figure
3.9 will be referred to later in Section 4.4 as a comparison with the waveforms in low
pressure CF4-SF6.
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(a) EDrift = 200 V/cm (b) EDrift = 400 V/cm
(c) EDrift = 600 V/cm (d) EDrift = 800 V/cm
Figure 3.9: Average current waveforms at 20 Torr.
3.6 Data Analysis Method
This section describes the method for analyzing the data. Each step is shown
for the example nuclear recoil track in Figure 3.10. The first step is to remove the
voltage baseline. The reader is referred to Section 2.3.1 for details. The baseline
subtracted voltage is labeled “Raw” in Figure 3.10a.
3.6.1 Noise Reduction Algorithm
In order to measure the track properties the preamplifier decay time must be
removed from the signal. The selected methodology is to convert the voltage signal
to a current signal in software with Equation 2.1. Unfortunately, this method greatly
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Example “Cathode-side” Nuclear Recoil Event
(a) Voltage output from the preampli-
fier, where the “Raw” voltage the base-
line subtracted preamplifier voltage sig-
nal, the “Filt” voltage is the signal after
the removal of periodic noise features,
and the “S-Golay” voltage is the sig-
nal after the Savitzky-Golay filter is ap-
plied.
(b) Two versions of the current signal,
the “Fid” and the “Length”, are calcu-
lated. The Fid has an additional 10µs
Gaussian smoothing. The red and blue
dashed lines identify the left and right
edges of the track and the minority peak
SF−5 . The green dashed line identifies
the peak location of the minority peak,
which is utilized for the fiducialization.
Figure 3.10: Example nuclear recoil track collected during the “Cathode-side” DD
neutron experiment.
increases the noise in the signal. This is because the point-to-point fluctuations of
the voltage signal are enhanced by the discrete time derivative. For this reason it
is advantageous and typically easier to reduce the signal noise before the current
conversion. Therefore, before the current conversion the voltage VRaw is processed
with the noise reduction algorithms. Several different algorithms were tested, but
the following algorithm was the most successful in terms of reducing noise without
distorting the waveforms.
After the baseline subtraction, two periodic noise features induced by the cathode
power supply are removed with notch filters at 53kHz and 72kHz. Experiments con-
ducted in the MiniDRIFT detector do not have this noise because of the high voltage
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filter box (see Section 2.2). In Figure 3.10a the resulting filtered signal is called VFilt.
The next step is to utilize a special type of filter called the “Savitzky-Golay” (SG)
filter [92, 93, 94]. The SG filter is a digital filter that takes adjacent subsets of data
points and fits each subset with a polynomial using the least squares method. Since
the data samples are equally spaced in time, the operation is equivalent to convolv-
ing the data with the coefficients kernel, which depends on the polynomial order O
and length L of the subsets. The optimal O and L were determined qualitatively to
be the parameters that reduce the noise with minimal distortion of the signal shape
compared to the unfiltered signal. For this experiment the optimal parameters are
O = 3 and L = 25. The voltage VSG is used for V in Equation 2.1 (which defines
the V to I conversion).
Next the discrete voltage time derivative is calculated. It is this step that in-
troduces the worst noise into the current signal. Again, several discrete derivative
methods were tested. The first method was the 3-point central derivative [95], but
the results were very noisy unless additional Gaussian filtering was applied. Gaussian
filtering tends to remove the skewness, especially at low energies, and can broaden
the tracks [96]. Higher order n-Point central derivative methods had only slightly
better results. Ultimately, the optimal method again utilizes the SG filter. However,
in this case the SG filter is utilized to calculate the derivative with
dV
dt
= V ∗ g′/(−dt), (3.3)
where g′ is the derivative of the SG kernel, V = VSG, and ∗ represents the convolution
operator [92]. The parameters for the SG filter derivative are O = 4 and L = 25.
Although the order and window size must be carefully selected, the SG filter deriva-
tive effectively reduces noise while preserving the overall features of the derivative.
Now the signals are ready be converted to the current signal with Equation 2.1. The
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current I is shown in Figure 3.10b, where IFid and ILength are defined in the next
section.
3.7 Track Property Algorithm
The track properties are measured from the current signal with the following
algorithms. First, it is necessary to calculate two versions of the current signal;
one with no additional filtering and the other with σ = 10µs Gaussian filtering.
They are labeled “Fid” and “Length” respectively in Figure 3.10b. The IFid is
utilized to precisely localize the minority peak SF−5 , which requires more filtering
to extract from the noise, and ILength is utilized to determine the SF
−
6 pulse. Each
edge of SF−6 is found with the following algorithm. First, calculate the quantity
ILength
dILength
dt
, which is the current multiplied by its derivative. Since the boundaries
in ILength typically have jitter to them, it is advantageous to consider ILength
dILength
dt
where the edges are enhanced. Next, Matlab’s “peakfind” algorithm is utilized to
find the positive and the negative peaks in ILength
dILength
dt
. The negative and positive
peaks correspond to falling and rising edges in ILength respectively. Between each
positive-negative peak combination there is a local maxima or minima in ILength.
Starting with the largest positive peak in ILength
dILength
dt
, the left edge of the SF−6
charge distribution is found by iteratively searching through positive-negative peak
combinations until the local maxima in ILength drops below 10% of IMax. When
this occurs the loop is broken and the prior local maxima in ILength is considered.
The left edge is identified with the location preceding the local maxima that ILength
drops below 10% of IMax. Similarly, the right edge of SF
−
6 is located by iteratively
searching to the right. The SF−5 pulse is identified with this algorithm by replacing
ILength with IFid. Lastly, the track length ∆Z is calculated as the difference in time
of the SF−6 edges multiplied by the drift velocity of SF
−
6 . Other algorithms were
developed and test, but this algorithm has proven to be the most reliable for track
length reconstruction. It is crucial the algorithm reliably reconstructs the track
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length, otherwise the discrimination is reduced.
The final track property to consider is the track skewness (directionality). The
skewness measure utilized in this work is related to the third central moment of the
distribution but adapted for discrete curves. The population skewness for sample
distributions SkewDist is given by
SkewDist =
m3
s3
=
1
n
∑n
i (xi − x¯)3
[ 1n−1
∑n
i (xi − x¯)2]
3
2
, (3.4)
where xi is the ith element of the distribution, x¯ is the mean of the distribution, and
n is the number of samples. The numerator m3 is the sample third central moment,
and the denominator s3 is the cube of the sample standard deviation. Equation 3.4
is modified to be applicable to discrete curves of time ordered samples. After careful
study, the skewness measure was adapted to
Skew(x, y) =
∑n
i (xi−
∑n
i xiyi∑n
i yi
)3yi)∑n
i yi
(
∑n
i (xi−
∑n
i xiyi∑n
i yi
)2yi∑n
i yi−1 ])
3
2
, (3.5)
where y and x are the data and time axis respectively, yi and xi are the ith elements
of y and x, and n is the total number of samples. Qualitatively, the equivalence
can be understood as follows. The term
∑n
i xiyi∑n
i yi
is the weighted mean of the curve
along x, and yi behaves as the weighting factor. The division by
∑n
i yi normalizes
the weights yi. The term
∑n
i yi is the sum of all the data values, which is the same
as n when y is normalized to n. The numerator of Equation 3.5 is equivalent to m3
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and similarly the denominator to s3. Nevertheless, Equation 3.5 defines the skewness
utilized in this work.
3.8 30 Torr SF6 Selection Cuts
In order to measure discrimination the following five discrimination cuts must be
applied first to the data. The effect of each is shown in Figure 3.11 for the parameter
ln(η) versus energy E, where η is the ratio of IMax to the track length ∆Z. The
importance of the ln(η) parameter is be described shortly. The 1st cut removes tracks
where the voltage saturates the vertical scale of the oscilloscope. These tracks are not
entirely captured by the oscilloscope and their properties cannot be reconstructed.
For the neutron experiments the voltage saturates near 1.25V . The “saturation” cut
rejects events where the peak voltage is greater than 1.25V . Their location in ln(η)
is shown in Figure 3.11a, where “All” is every track in the “GEM-side” data set and
“NS” are the events passing the saturation cut (“Not Saturated”).
Occasionally, tracks will have an “unphysically” fast rise in the voltage signal.
This type of event and the rise time (RT) cut employed to remove them was dis-
cussed in detail in Section 2.6.1. It is important to remove these tracks with the
RT cut, because they are characteristically positive skewed and have the shortest
reconstructed tracks lengths. Consequently, they lie in the nuclear recoil band and
bias the skewness distribution toward positive skewness. Since they have the shortest
track lengths, they are in the upper-most band of the ln(η) parameter as shown in
Figure 3.11b. The red points pass the saturation cut, but fail the RT cut. The black
points pass both cuts and proceed to the next cut.
The next cut is designed to reject events where more than one track is contained
in the time window, or the tracks are cut short due to incorrect track reconstruction.
It removes events that have a peak greater than 2 ADC units preceding the SF−5
pulse or trailing the SF−6 pulse. The 2 ADC unit threshold is about 3σ above the
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noise in ILength. The cut is referred to as the “Other Peak” (OP) cut. Figure 3.11c
shows the removal of these tracks.
The 4th cut utilizes the parameter ln(η) and is shown in Figure 3.11d. Since
nuclear recoils have larger dE
dx
than electronic recoils, they have shorter track lengths
and larger IMax at a given energy. Consequently, nuclear recoils tend to reside at
larger values of ln(η) than electronic recoils. The blue dotted line is the ln(η) cut
boundary line. Nuclear recoils are selected to be the tracks above the boundary line.
The location of the boundary line is based on the 60Co experiment, and once it is
selected it is utilized for all experiments. Since the 60Co source produces exclusively
gamma-rays, all tracks in the 60Co data set are electronic recoils. For the 60Co
experiment the trigger threshold has to be lowered to ETrig ≈ 12 keV ee in order to
include the low energy electronic recoils. Figure 3.12a shows ln(η) versus energy E
for the 60Co experiment. The ln(η) boundary line is selected so that all tracks except
the background RPRs lie below the boundary. For comparison, a voltage minimum
cut equivalent to the neutron trigger threshold was applied to the 60Co experiment
in software. Figure 3.13a shows the 60Co ∆Z versus E with the voltage minimum
cut. The black points passing the ln(η) cut are likely RPRs. The result verifies the
boundary cut is effective at the same trigger threshold as the neutron experiments. In
order to maintain statistics, the directionality cuts stop after the ln(η) cut. However,
for the discrimination measurement an additional cut (the fiducialization cut) is
applied.
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Selection Cuts For Directionality And Discrimination Measurement
Saturation Cut
(a) Voltage saturation cut remov-
ing events in red with peak volt-
age greater than 1.25V . “All” and
“NS” refer to all data and to the
tracks that pass the saturation cut
respectively.
Rise Time (RT) Cut
(b) Rise time (RT) cut removing
fast-RT events. The red points
(NS) pass the saturation cut but
fail the RT cut, while the black
points (NS/RT) pass the satura-
tion cut and the RT cut.
Other Peak (OP) Cut
(c) Other peak (OP) cut remov-
ing events with a large peak out-
side the event region. The red
points (NS/RT) pass the satura-
tion cut and the RT cut but fail
the OP cut, while the black points
(NS/RT/OP) pass the saturation
cut, the RT cut, and the OP cut.
ln(η) Cut
(d) The ln(η) cut accepts events
that lie above the ln(η) cut bound-
ary (blue dotted line).
Figure 3.11: The effect of each successive selection cut on the “GEM-side” data. The
red and black markers are the events that fail and pass each cut respectively. The
blue dotted line marks the ln(η) cut boundary. NS, RT, OP, and Fid refer to the
points that pass the saturation, rise time, other peak, and the fiducialization cut.
Refer to Section 3.8 for the description of each cut.
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60Co Experiment With ETrig ≈ 12 keV ee
(a) 60Co ln(η) versus E. (b) 60Co L versus E.
(c) 60Co L versus E focus low en-
ergy.
Figure 3.12: (3.12a) ln(η) versus E for the 60Co experiment after the fiducialization
cut. (3.12b and 3.12c) Range ∆Z vs energy E for the 60Co experiment with the
fiducialization cut. Red points pass all cuts except the ln(η) cut (blue dashed line).
The black are nuclear recoil-like RPRs which pass the ln(η) cut.
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60Co Experiment With Software Voltage Threshold
(a) ln(η) versus E. (b) ∆Z versus E.
Figure 3.13: (3.13a) ln(η) and (3.13b) range ∆Z vs energy (E) for the 60Co exper-
iment with the fiducialization cut and the 160mV software voltage cut (equivalent
to the DD Neutron Experimental hardware voltage threshold). Red points pass all
prior cuts but fail the ln(η) cut. The black are the nuclear recoil-like RPRs which
pass the ln(η) cut.
The 5th cut is the fiducialization cut, which requires the Z location of the track
to be greater than 10 cm and less than 62 cm. Z is estimated with Equation 1.3 and
the peak location of the SF−5 charge distribution. The 10 cm lower limit removes
events where the SF−5 charge distribution is beginning to overlapping with the SF
−
6
charge distribution, which would positively bias the track skewness. Since the max-
imum Z is limited by the length of the detector (58.3 cm), the upper limit rejects
incorrectly fiducialized events while allowing for jitter in the measured SF−5 peak
location. Figure 3.14 shows the results of the fiducialization cut. Unfortunately, it is
clear by comparing Figure 3.14 with Fig 3.11d the fiducialization cut greatly reduces
the overall statistics. Since the directionality measurement requires a large number
of statistics, the fiducialization cut is not utilized for the directionality measure-
ment. The advantage of the fiducialization cut for the discrimination measurement
is described in Section 3.9.1.
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Fiducialization Cut for Discrimination
Figure 3.14: The fiducialization cut is
applied to the data in Figure 3.11d to
enhance the discrimination measurement,
where the black points are the remaining
points within the nuclear recoil band and
the red points correspond to points outside
the nuclear recoil band.
3.9 Discrimination and Directionality Results
The discrimination and directionality in 30 Torr SF6 is presented in this section.
In order to quantify the discrimination, the minimum energy required to discriminate
EDisc is measured. Another quantity that quantifies the amount or the power of
the discrimination is the rejection factor, which is the number of nuclear recoils
per electronic recoil that lie in the nuclear recoil band. Unfortunately, due to the
low nuclear recoil rate (see Section 3.4) the rejection factor is not quantified in this
chapter. However, the rejection factor is returned to in Chapter 5. The directionality
is quantified with the minimum energy required to measure directionality ESkew and
the skewness difference, which is the difference between the “GEM-side” and the
“Cathode-side” skewness distributions.
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3.9.1 Discrimination
EDisc is estimated based on the location in the range ∆Z versus energy E plots
where the vertical electronic recoil band merges with the nuclear recoil band. Figure
3.15b shows the ∆Z versus E plots for the “GEM-side” and the “Cathode-side”
experiments without the fiducialization cut. Unfortunately, there is a “haze” of
events between the bands which blurs EDisc. The events in the “haze” are greatly
reduced after the fiducialization cut. Although the source of the “haze” remains
unknown, here are several ideas. First, these tracks are not properly reconstructed.
For this case, when the actual SF−5 is included with the SF
−
6 change distribution
the track length is overestimated, or when a portion of the SF−6 distribution is
misidentified as SF−5 the track length is underestimated. Such tracks would have
incorrect or no fiducialization. Another possibility are alpha tracks crossing the
entire THGEM active region. The “haze” could also be neutron-induced proton
recoils produced when the neutron liberates a proton from the acrylic. Nevertheless,
the “haze” must be removed to obtain a measurement of EDisc.
Figures 3.16a and Figure 3.17a show the entire measured energy range for ∆Z
versus E for the “Cathode-side” and the “GEM-side” experiments with the fiducial-
ization cut. Before focusing on the low energy region of the nuclear recoil bands,
consider the high energy behavior of the nuclear recoil bands. They increase mono-
tonically with energy and have a maximum nuclear recoil energy of about 400 keV ee,
which is almost the kinematic maximum energy transfer between the 2.2 MeV neu-
trons and a F atom (420 keV ee). Also, the nuclear recoil bands show a sudden
decrease in density after about 250 keV ee, which is consistent with the expected 260
keV ee maximum energy transfered to a S atom. Consequently, below 250 keV ee the
nuclear recoil band is denser because it consists of F and C nuclear recoils, and above
250 keV ee the nuclear recoil band consists entirely of F atoms. Since the “haze” is
gone, EDisc can be measured from the low energy region of the nuclear recoil bands.
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“GEM-side” and “Cathode-side” Experiments Without Fiducialization
Cut
(a) “GEM-side” ∆Z versus E. (b) “Cathode-side” ∆Z versus E.
Figure 3.15: Range ∆Z vs energy E for the “GEM-side” and the “Cathode-side”
neutron experiments without the fiducialization cut. Red events pass the 1st, 2nd,
and 3rd Cuts, but fail the ln(η) cut. The black events pass the ln(η) cut and are
used to measure directionality.
Figures 3.16b and 3.17b indicate there is separation between the electronic and nu-
clear recoil distributions until about 50 keV ee. However, if only the shortest ∆Z
are considered at a given energy then discrimination can be pushed down to about
30 keV ee. Since the trigger threshold cannot be lowered below about 25 keV ee, it
is difficult to determine if EDisc < 30 keV ee. In order to gain some insight below
25 keV ee, consider the low threshold 60Co experiment in Figure 3.12c. The electron
recoil band has few events below ∆Z = 4 mm at E = 20 keV ee, whereas the 2 RPRs
are below 4 mm at 50 keV ee. This suggests EDist could have been measured to be
lower than 30 keV ee if the trigger level for the neutron experiments was lowered.
3.9.2 Directionality
The directionality for the nuclear recoil band without the fiducialization cut is
calculated with the following procedure. For the neutron experiments with the DD
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“Cathode-side” Fiducialization Cut
(a) Entire measured nuclear recoil band. (b) Closeup for low energy discrimina-
tion.
Figure 3.16: Track range ∆Z vs energy E for the “Cathode-side” neutron experiment
with the fiducialization cut applied. The red events pass the 1st, 2nd, and 3rd Cuts,
but fail the ln(η) cut. The black are the nuclear recoil tracks utilize to measure
discrimination.
“GEM-side” Fiducialization Cut
(a) Full nuclear recoil band. (b) Focus low energy discrimination.
Figure 3.17: Range ∆Z vs energy E for the “GEM-side” neutron experiment with
the fiducialization cut applied. Red events pass all prior cuts, but fail ln(η) cut. The
black are the nuclear recoil events.
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generator on the GEM-side of the detector, the nuclear recoils are preferentially di-
rected away from the GEM. The highest ionization density tends to be closest to the
GEM, and therefore the “GEM-side” experiment should have positive overall skew-
ness. Similarly, the “Cathode-side” experiment should have negative skewness. In
order to subtract away any experimental systematics, the interesting parameter is the
difference between the “GEM-side” and the “Cathode-side” skewness distributions
(SkewGEM − SkewCathode). If the experiment is sensitive to the intrinsic skewness,
the skewness difference is greater than zero (SkewGEM − SkewCathode > 0).
The nuclear recoil bands are divided into three energy bins; 30 to 70 keV ee,
70 to 110 keV ee, and 110 to 150 keV ee. Figure 3.18 shows the “GEM” (red) and
“Cathode” (blue) skewness distributions for each energy range. The mean skewness
and standard deviation of the mean are calculated for each energy range, and the
results are plotted in Figure 3.19a. The black points are the sum of the skewnesses
(SkewGEM + SkewCathode) for each energy range. The horizontal bars represent the
extent of the energy bin at each point. Although the errors are large, the sum
curve is not equal to zero. This indicates there is a systematic biasing signal shapes
toward negative skewness. The systematic could be an artifact of the electronics or
the analysis. Nevertheless, Figure 3.19a indicates the expected trends; the “GEM-
side” and the “Cathode-side” skewnesses are positive and negative respectively, and
diverging with energy.
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(a) 30− 70 keV ee (b) 70− 110 keV ee
(c) 110− 150 keV ee
Figure 3.18: Skewness distributions for the directionality nuclear recoil band. The
“Cathode-side” and the “GEM-side” are blue and red respectively.
The skewness difference is plotted in Figure 3.19b. The NR curve is measured
over the entire nuclear recoil band, and the “1/3-1” curve is the calculation for
the upper 2/3-longest nuclear recoil tracks. The result shows there is statistically
significant skewness down to the lowest energy bin 30 to 70 keV ee. The skewness
difference is enhanced for the “1/3-1” curve because it is easier to reconstruct the
intrinsic skewness from the longer population of tracks in a given energy bin [98].
There are a few possible reasons why the shortest tracks have no skewness. The first
is the filtering removes the skewness because the shortest tracks consist of about 10
samples. Another possibility is the tracks are directed parallel to the “GEM-side”
and the skewness is difficult to measure along Z. Nevertheless, since the skewness
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difference is statistically greater than zero in the lowest energy bin, ESkew is at most
50 keV ee, and perhaps the intrinsic ESkew is even lower.
(a) Skewness in the “GEM” (red) and
the “Cathode” (blue), and the sum of
the skewness (black) versus energy in 40
keV ee bins.
(b) Skewness difference (SkewGEM -
SkewCathode) versus energy in 40 keV ee
energy bins for the longest nuclear re-
coil events (“1/3-1”) and for the entire
nuclear recoil band (NR).
3.9.3 Conclusion
In this chapter the discrimination and the directionality in a 30 Torr SF6 TPC
is measured in 1D. These measurements are the first in SF6 using any type of read-
out. They are quantified with the quantities EDisc, ESkew, and the directionality
level/power with the skewness difference between the “GEM-side” and the “Cathode-
side” experiments. The results are EDisc ≤ 30 keV ee and ESkew ≤ 50 keV ee. The
skewness difference is shown in Figure 3.19b as a function of energy. Unfortunately,
these measurements might be intrinsically better, but the 25 keV ee neutron trigger
threshold due to the low nuclear recoil rate makes determining this difficult. The
directionality measurement might be improved if the fiducialization cut could have
been applied to the directionality data without heavily reducing the nuclear recoil
statistics. It is possible the non-fiducialized “haze” events are diluting the direction-
ality. The level/power of discrimination is often quantified with the rejection faction,
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but for this data it could not be determined due to the low nuclear recoil rate.
A solution to the low nuclear recoil rate is to introduce a thick layer of lead
shielding between the detector and the DD neutron generator in order to reduce the
gamma-ray interaction rate within the detector. We performed several experiments
with the lead bricks. However, even with the addition of lead bricks, we observed
that the acquisition rate of electronic recoils continued to overwhelm the acquisition
rate of nuclear recoils. Also, we reasoned the initial directionality of the neutrons
would be diluted due to scatters in the lead. Therefore, the advantage of the lead
shielding was unclear. Future work could involve determining the optimal shielding
thickness required to reduce the electronic recoil rate relative to the nuclear recoil
rate. Another method is to utilize a digitization system with less dead-time, which
would increase the number of collected nuclear recoil events per unit time.
Although this chapter may not have measured the minimum for EDisc and ESkew
in SF−6 in 1D, it did verify an issue with the use of SF6 in TPCs used for directional
dark matter experiments. The low production of SF−5 relative to SF
−
6 reduces the
fiducialization efficiency. In order to fiducialize, the SF−5 charge distribution must be
localized accurately with respect to that of SF−6 , which is about 2.5% of SF
−
6 [101].
This work demonstrated the low fiducialization efficiency in SF6 when the peak-to-
peak noise in the track is similar in amplitude to the SF−5 charge distribution. An
ideal WIMP TPC would select the relative production of the fiducialization species
to be 8% to 10% or have better signal to noise. Therefore, there has been a push
toward discovering a means to enhance the SF−5 charge distribution in SF6. Chapter
4 presents an unexpected discovery that resolves this issue.
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Tunable Negative Ion Species In
Low Pressure CF4-SF6 Gas
Mixtures
4.1 Introduction
This chapter presents the discovery and the characterization of an unexpected
negative ion species in a low pressure CF4-SF6 TPC operated with low SF6 con-
centration. Before discussing this result, here is a brief review of what has been
discussed in this work thus far. In Chapter 2 SF6 was demonstrated to have many
of the properties desired for directional dark matter experiments that employ the
TPC technology. However, Chapter 3 discusses a significant drawback of SF6: the
minority peak SF−5 is very small (2.5%), making fiducialization in SF6 difficult on
an event-by-event basis. Recall the importance of the detector fiducialization for
background rejection, which was discussed for the DRIFT experiment in Section
1.6.3 and verified by this work in Chapter 3. Ideally, the minority species should be
approximately 8% to 10% of the total charge to reliably fiducialize. Consequently,
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there has been a push in the community to discover a means to enhance the relative
production of SF−5 in low pressure SF6 TPCs.
With this objective, we decided to study gas mixtures involving SF6, but with
SF6 only as a minor component. The motivation for this was that the electron
capture would occur with a larger mean-free path, thereby increasing the relative
contribution of SF−5 [101]. A secondary objective was to characterize the capture
length and the effective diffusion of SF6 in low concentrations. As verified in Chapter
2, the capture length decreases with pressure in pure SF6. However, the capture
length in a CF4-SF6 mixture was expected to depend on the SF6 partial pressure
and the total pressure of the gas in a complex way. Therefore, measuring the capture
length and the effective diffusion of SF6 in low concentrations is interesting in its
own right. The bulk gas was selected to be CF4 because it is electrically stable and
under most conditions is not electronegative. Like for SF6, there are many studies
of the electrical properties of CF4 [102, 103, 104, 98, 112]. CF4 is known to be
resonantly electronegative, and has electron attachment resonances at 6.8 eV and
7.5 eV [104]. These energies are much greater than the electron affinity for SF6,
which is 1.05± 0.1 eV [105]. Also, CF4 has no stable negative ion state, and it will
immediately dissociate into CF−3 or F
− [102]. Based on these properties of CF4 and
our own prior experience, the negative ion behavior in CF4 − SF6 was expected to
be similar to the negative ion behavior in pure SF6 [101], where the bulk CF4 gas
acts only to dilute the SF6.
Instead, an additional negative ion species was discovered with mobility faster
than SF−5 . This was very unexpected. We have extensive experience utilizing CF4
in low pressure TPCs and have never encountered negative ion behavior in CF4.
This chapter describes the results and develops a model for the production of the
new species, and asserts the new species is CF−3 . In Section 4.4.1, the preliminary
experiment that discovered the new species is presented. In Section 4.4.2, an experi-
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ment with the SF6 pressure PSF6 less than 0.1 Torr is presented. These experiments
demonstrate not only electron capture for PSF6 ≤ 0.1 Torr but the predominate
production of the new species. Immediately after its discovery work began toward
characterizing the new species; i.e. the dependence of the relative signal amplitude
and the relative charge of the new species on the PSF6 , the CF4 pressure PCF4 , and
the reduced field E/N . This begins in Section 4.4.3, where the signal waveforms are
shown to be highly dependent on the PSF6 . Next, in Section 4.4.4 the dependence of
the relative charge and the signal amplitude of the new species on PSF6 is described.
These measurements show the new species is tunable and its relative production de-
pends on PSF6 and E/N . In fact, the new species is produced in the optimal range for
efficient fiducialization (8%-10%) at 20-3 Torr CF4-SF6. Following this, in Sections
4.4.5, and 4.4.6 the reduced mobility µ0 and the effective diffusion σZ are measured
as a function of PSF6 and the drift field EDrift. The fiducialization with the new
species is presented in Section 4.4.8, where it is shown to be more efficient than fidu-
cialization with SF−5 . The chapter ends with a brief characterization of the CF4-SF6
gas stability over time in Section 4.4.9. The stability of the gas with time is another
benefit of the CF4-SF6 compared to SF6, where Ref. [101] measured that the SF6
waveforms suffered from large distortions as the gas ages due to the outgassing of
water vapor [101]. Chapter 5 characterizes the discrimination and directionality of
the 20-3 Torr CF4-SF6 mixture.
4.2 Experimental Setup, Data Analysis, and the
Resulting Waveforms
4.2.1 Experimental Setup and Operation
The experimental setup is identical to that described in Section 3.2 and Ref. [101]
except for the backfill procedure. The reader is referred to Section 3.2 for the exper-
imental setup, the powering scheme, and the data acquisition system. The backfill
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procedure requires the following steps. After a two day pump-down the detector is
flushed twice with 200 Torr CF4. When the baratron reads 1 Torr above the desired
CF4 partial pressure on the second pump-down, pump-down rate is decreased to 0.1
Torr per two or three seconds in order to avoid overshoot. Once PCF4 is reached
the detector is allowed to equilibrate for several minutes. Next, the SF6 is slowly
introduced into the detector, where again the rate for the last 1 Torr is reduced. If
SF6 is introduced too quickly the equilibrium pressure after the mixture settles is
typically lower than the initial reading and the desired PSF6. This backfill procedure
is the most reliable to prevent overshoot, to reduce the detector fill time, and to
minimize the outgassed the contamination.
The primary ionization is created with the Stanford Research Systems (SRS)
NL100 337.1 nm pulsed nitrogen laser, where each laser-induced track drifts from
the creation site on the cathode to the THGEM (58.3 cm). Consequently, the laser
source is ideal to measure the effective diffusion, the fiducialization, and the relative
production of each negative ion species in a reproducible manner.
4.2.2 Data Acquisition, Analysis
The signals are converted to current with the procedure discussed in Section
2.3 and analyzed using the algorithms in Section 3.9. The only changes are to the
Savitky-Golay (SG) filter parameters Order O and Window W, and to the width of
the Gaussian filter applied to the fiducialization current IFid. These changes to the
filter parameters compensate for the slightly different noise and drift velocities of the
experiments. The SG filter applied to VFilt is O = 4 and W = 25, and the SG filter
applied to the current signal ILength is O = 4 and 101. IFid utilizes a 12 µs Gaussian
filter.
The laser is utilized as described in Section 3.4 to create repeatable, point-like
ionization events from the cathode. The laser-induced current signals are added
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together to reduce noise. The resulting average current signals are referred to in this
chapter as waveforms. The effective diffusion is measured by Gaussian fitting the
rising edge of the waveform from 20% to 60% of IMax. The charge distributions for
the new species and the SF−5 are located, and the relative charge of each species
is measured. The charge of each species is calculated with the “trapz” function
in Matlab. The edges of the new species are defined to be the location where the
waveform drops below 10% of the new species peak amplitude. For SF−5 the threshold
is 30% of the SF−5 peak amplitude because it is surrounded by “inter-peak” charge.
The inter-peak charge is all the charge that is not contained in the SF−6 , the SF
−
5 ,
and the new species charge distributions. The fraction of the total charge in the
inter-peak charge changes with PSF6 and E/N . In fact, there are certain experiments
where the inter-peak charge is greater than these thresholds and the charge of the
species cannot be calculated. The inter-peak charge is discussed further in Section
4.3. Lastly, the reduced mobility u0 is calculated from the drift velocity Vd and
Equation 3.2, where Vd for each negative ion species is the arrival time of its peak
divided by the length of the detector (58.3 cm).
4.2.3 The Unexpected Signal Waveform
Figure 4.1 shows the resulting waveform for the case where PCF4 = 40 Torr,
PSF6 = 0.1 Torr, and EDrift = 617 V/cm. The negative ion species constituting the
peak at T = 4600µs is the new negative ion species, CF−3 . This species has never
been observed under these or similar conditions by our group or any other groups,
and it was entirely unexpected. We were attempting to discover a means to enhance
the SF−5 peak for fiducialization in SF6, but with the discover of the CF
−
3 species we
pursued this as an alternative path toward fiducialization in CF4-SF6 mixtures. The
shoulder on the right side of the CF−3 peak at T ≈ 4700µs demonstrates the dual-
peak nature of what we call the CF−3 peak. The shoulder likely represents another
drift species, perhaps F−. The dual-peak nature of the CF−3 peak will be discussed
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further in conjunction with the experimental results in Section 4.4. The peaks at
T = 5200µs and T = 5500µs are the SF−5 and the SF
−
6 species, respectively.
One immediate advantage of the CF−3 peak over the SF
−
5 peak is that it is even
faster than SF−5 . This means greater time separation from the SF
−
6 peak, which
should give better fiducialization. We were excited by the possibilities of the new
peak, so wanted to study its potential. However, before describing the experimental
results further, a proposed model for the new peak will be discussed, which predicts
the behavior of the CF−3 peak as a function of PSF6 and EDrift. After the model,
a series of experiments that study the new peak’s behavior as a function of PSF6
and EDrift are presented. Also, for the remainder of the chapter the entirety of the
double-peak is referred to as CF−3 , unless mentioned otherwise.
Figure 4.1: Signal waveform at 40-0.1 Torr
CF4-SF6 and EDrift = 617 V/cm, where
the left most peak is the unexpected, new
species, hypothesized to be CF−3 . The
shoulder on the right side of the CF−3 peak
shows the double-peak nature of the CF−3
peak. The second peak might be F−.
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4.3 A Proposed Model For The Production Of
CF−3
Before discussing the experimental results, this section presents a production
model for the new species and concludes the new species is CF−3 . This model is
based on Refs. [103, 105], where the essential process is electron transfer. Consider
the reaction:
A− +B
kc⇀↽
kb
(A−.B)∗ → A−(Eν).B → A.B− → A+B−, (4.1)
where a negatively charged molecular ion A− interacts with a neutral molecule B
[105]. Through several intermediate molecular complexes the electron is transfered
from A− to B. The success and rate for the electron transfer to B depends on several
factors. The upper limit for the transfer rate is the collision rate of molecules A−
and B. However, the following conditions suppress the reaction; if the reaction is
endothermic (requiring energy), or if there is a significant change in the geometry
of the molecules from the initial state to the intermediate molecular complexes, and
from the complexes to the final state.
It was discovered in Ref [103] that when A = SF−6 the electron transfer to a
variety of neutral molecules B is highly suppressed. In addition, when A = SF−6 and
B = SF6 the transfer does not occur at all. They concluded there must be a large
geometry change between the neutral SF6 (known to be octahedral) and SF
−
6 . Two
possibilities for the change are that the S − F bond is longer for SF−6 , or the SF−6
exists in a SF5−F− bound state. In either case, electron transfer from SF−6 is slow
and highly suppressed.
Immediately after SF6 captures an electron it is in an excited state (SF
−
6 )
∗, where
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the ∗ denotes excited state [105, 100, 101]. The (SF−6 )∗ can collisionally deexcite with
B = SF6 and produce SF
−
6 . Consider what happens for the situation A = (SF
−
6 )
∗
encounters B = CF4 instead of SF6. There are two possible outcomes. Outcome 1
is:
Outcome 1: (SF−6 )
∗ + CF4 → SF−6 + CF4, (4.2)
where (SF−6 )
∗ collisionally deexcites with CF4, and no new species are created. Out-
come 2 is depicted by the reaction coordinate shown in Figure 4.2. The reaction
coordinate is an abstract method of representing the progress of a reaction, where
the X-axis depicts the progression of time and the Y-axis represents the internal
energy of the system.
Outcome 2
Figure 4.2: The reaction coordinate for Outcome 2, where 1 through 5 indicates the
state of the system. The reaction proceeds from the initial state (State 1), over the
internal energy barrier E+ (State 2), through several intermediate states (State 3
and State 4), and to the final state (State 5). Notice CF−3 in the final state.
For Outcome 2, the reaction begins in State 1, where the (SF−6 )
∗ encounters a
CF4 molecule and the system has an initial internal energy given by the solid line
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at State 1. As the molecules the internal energy of the system decreases due to the
van der waals attraction between the molecules. When the system is in State 2,
the internal energy is a minimum. Between State 2 and State 3, as the molecules
move closer the force between them becomes repulsive and the internal energy of
the system increases. In order for the system to transition into the State 3 the
internal energy barrier E+ must be overcome, hence the reaction is endothermic. If
the vibrational energy Eν of the (SF
−
6 )
∗ is greater than the difference between the
barrier and the initial system energy (Eν > ∆E
+
0 ), then the (SF
−
6 )
∗ can give up
Eν in order to overcome E
+ and the system transitions into State 3. If this does
not happen, the system either moves back to State 1 or undergoes Outcome 1. For
the case where Eν > ∆E
+
0 , the system reaches State 3, where the electron has been
successfully transfered to the CF4 side of the molecular complex. At this point the
molecular complex is (SF6 ·CF−4 )∗. Between State 3 and State 4 the molecules begin
to move apart and the internal energy of the system decreases. This decrease in the
internal energy of the system is the reverse of the situation between State 1 and State
2, where the moving apart of the constituent molecules of the complex is resisted
by their van der waals attraction. Eventually the complex is broken and the system
is in State 4, where the system consists of the separate molecules SF6 and CF
−
4 .
Since the CF−4 is unstable, it subsequently auto-dissociates into State 5, where the
CF−3 and F are products. Although the production of CF
−
3 is most probable, it is
important to note the products can also be CF3 and F
−. In fact, the F− production
could explain the dual-peak nature of the new species that is apparent for several
experiments discussed in Section 4.4.
An important question to consider is: once the charge is in one of the final states
SF−6 , SF
−
5 , CF
−
3 , or F
− can the electron be transfered again to a neutral molecule?
In no additional charge transfer reactions occur, the total charge in each charge
distributions is unchanged as it drifts to the readout. This results in each species
forming a peak in the signal. The arrival time of each distinct species then depends
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only on the drift velocity of the species. However, if electron transfer reactions occur
during the drift there will be charges that arrive at the readout outside of these
peaks. This is because the charges spend a fraction of the drift as more than one
negative ion, which each have their own unique drift velocity. This charge is referred
to as “inter-peak” charge. Since there are at least three negative ion species, the
inter-peak charge between any two signal peaks could involve two or more species
and its shape depend on the energy barriers for each reaction. The situation different
in pure SF6 where the inter-peak charge is believed to be due to or mediated by water
contamination [101].
Importantly, this model has several experimentally testable predictions. Namely,
it predicts the behavior of each negative ion species as a function of PSF6 and E/N .
The underlying factor is the vibrational energy Eν of the (SF
−
6 )
∗, which can have
different values along the track for each (SF−6 )
∗. The result is a distribution of Eν ,
where the part of the distribution above ∆E+0 contributes to CF
−
3 production. The
distribution of Eν along the track depends on the energies of the primary electrons
when they are captured by SF6, where larger electron energies results in the distribu-
tion of Eν shifted to larger values. Consequently, any process that tends to increase
the primary electron energies along the track will more readily produce CF−3 .
The energies of the primary electrons can be increased by: raising the drift field
EDrift, and thereby increasing the electron acceleration between collisions; increasing
the capture length, where the electron is accelerated by EDrift for a longer distance
before being captured by SF6; or to higher order increasing the mean free path
between collisions with CF4, i.e. raising the pressure of the bulk gas PCF4 . The
dependence on PCF4 is a higher order effect than PSF6 , because even with more
frequent collisions with CF4 the electrons still reach very fast drift velocities, and the
effect of PCF4 is small compared to PSF6 . Consequently, the main factors that increase
the CF−3 production are higher EDrift and lower PSF6 . Additional consequences of
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the model will be explained with the discussion of the experimental results in Section
4.4.
Briefly, here are several reasons why other negative ions cannot be associated
with the new species. First, CF−4 cannot be the new species and cannot perform
the initial electron capture, because (except the electron attachment resonances at
6.8eV and 7.5eV [104]) CF4 is not electronegative and has no known stable negative
ion state [102, 103, 104, 98, 112]. However, Ref. [104] does propose a theoretical
metastable Cs configuration for CF
−
4 , which is 1.22eV greater than the ground state
of neutral CF4. This theoretical state for CF
−
4 has not been observed and requires
the bulk CF4 to be in an initially excited state to capture the primary electrons.
Since the bulk gas in this work is at room temperature, CF4 cannot initially capture
the electrons and CF−4 can only exist for a short time before auto-dissociation. Also,
all our experimental work with pure CF4 used in TPCs has always produced electron
drift behavior [98]. Therefore, at the conditions probed by our TPC experiments,
SF6 must perform the initial electron capture. Another species is CF
−
4 in clusters
of (CF4)n, which have been observed and found stable [106]. Neither can this be
the new species, because they have slow drift velocities and the new species is faster
than SF−5 [107]. Therefore, CF
−
3 is the best explanation for the identity of the new
species, and the new species will be referred to as CF−3 for the remainder of the
chapter.
4.4 Experimental Results and Discussion
This section describes the experiment that discovered CF−3 and the series of
experiments to characterize its behavior. For each experiment the waveforms are
presented and the results are compared with the production model in Section 4.3.
In Section 4.4.3 the effect of PSF6 on the waveform shape is presented. In sections
4.4.4, 4.4.5, and 4.4.6 the relative charges and the relative peak amplitudes, the
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reduced mobilities µ0, and the effective diffusion are measured for CF
−
3 , SF
−
6 , and
SF−5 as a function of PSF6 and EDrift. The results of the fiducialization with CF
−
3
are presented and compared to fiducialization with SF−5 in Section 4.4.8. The last
property discussed is the stability of the gas over time in Section 4.4.9.
4.4.1 40 Torr CF4, 0.1 Torr SF6
The 40-0.1 Torr CF4-SF6 gas mixture was the first where the new negative ion
species CF−3 was observed. First, consider the average laser waveforms from 103
V/cm to 1029 V/cm in Figure 4.3. At EDrift = 103 V/cm, Figure 4.3a demonstrates
that even with such a low PSF6 all the charge is captured. Also, the signal contains
a lot of inter-peak charge, which is similar to the low drift field waveforms in pure
SF6 (see Figure 3.9a and Ref. [101]). However, there is an unexpected change in
the waveforms compared to the SF6 waveforms at EDrift = 412 V/cm. Figure 4.3b
shows the onset of CF−3 production and the CF
−
3 peak at T = 7100 µs. The small
feature to the right of CF−3 at T = 7200 µs is another negative ion species. This
feature could be F−; its lower amplitude compared to the peak amplitude of CF−3 is
consistent with the lower production rate of F− compared to CF−3 [103]. Similar to
pure SF6, the shoulders near T = 7400 µs and T = 7800 µs are an unknown feature
and the SF−5 peak. The unknown feature is another unidentified negative ion species,
where the left edge represents the charge that did not undergo charge transfer with
another species. The shoulder to the right is the inter-peak charge resulting from
electron transfer with the slower drift species, perhaps SF−5 and SF
−
6 . As the EDrift
is further increased, in Figures 4.3c and 4.3d the CF−3 peak grows quickly and by
EDrift = 1029 V/cm becomes the dominant negative ion species. Similar to 30 Torr
SF6 the inter-peak charge decreases as EDrift is increased. At EDrift = 1029 V/cm
all three negative ion species are prominent and the inter-peak charge is minimal,
which is important for fiducialization. Also clear from Figure 4.3d is the dual-peak
nature of CF−3 , where the smaller amplitude peak overlapping with the CF
−
3 peak
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is likely F−.
(a) (b)
(c) (d)
Figure 4.3: Averaged laser current waveforms at 40-0.1 Torr CF4-SF6 and EDrift =
100 V/cm, 400 V/cm, 600 V/cm, and 1000 V/cm.
The behavior of the negative ion species are consistent with the production model.
At low EDrift, the low energy electrons are captured by SF6 and the resulting (SF
−
6 )
∗
is excited to low vibrational energy Eν . Consequently, Eν < ∆E
+
0 and CF
−
3 is not
readily produced. Instead, (SF−6 )
∗ collisionally stabilizes and produces SF−6 or SF
−
5 .
When EDrift is increased the electrons are captured at higher energies, the fraction
of (SF−6 )
∗ with Eν > ∆E+0 increases, and the CF
−
3 production increases.
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4.4.2 “Pure” CF4 (Trace SF6)
The unexpected negative ion species at 40-0.1 Torr CF4-SF6 in Section 4.4.1 led
to the experiment described in this section. The experiment is 40 Torr CF4 with
the goal of verifying whether the new negative ion species identified as CF−3 is due
to the introduction of SF6, consistent with our model in Section 4.3. Unfortunately,
even after a long pump down the negative ion behavior of the experiment indicates
the presence of SF6 (we know based on prior experiments that at these conditions
CF4 never experiences negative ion behavior). The SF6 contamination comes from
SF6 outgassed into the detector, and thus polluting the CF4 with trace amounts of
SF6. The PSF6 contaminating the gas is estimated to be less than 0.1 Torr because
the pressure remains constant during the experiment and the baratron resolution is
±0.1 Torr. Since it is known that SF6 is difficult to purge from the detector and
requires long pump-down times, the following experiments are performed in order to
study the negative ion behavior when PSF6 is as low as can be obtained.
Figure 4.4 shows the average laser current waveforms from EDrift = 257 V/cm
(Figure 4.4a) to EDrift = 823 V/cm (Figure 4.4f). The Figures 4.4a, 4.4b, and 4.4c
are logarithmic scale. At EDrift = 257 V/cm the dominant, off-scale, sharp peak
is the fast arriving electrons that are never captured. The electron peak is followed
by the slow, very low amplitude negative ion signal, which arrives over a long time
period. The right edge indicates charge that drifts the entire length of the detector
as a negative ion. The inter-peak charge spent a fraction of the drift time as electrons
and negative ions. The negative ion species at EDrift = 257 V/cm is believed to be
SF−6 , because SF6 has an electron capture resonance at zero electron energy, and
the drift velocity is consistent with SF−6 .
At EDrift = 386 V/cm, Figure 4.4b shows a different negative ion species is
produced. The production of the negative ion species increases with EDrift until
all the charge is captured at EDrift = 515 V/cm (Figure 4.4d). Based on u0, the
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dominant negative ion species at EDrift ≥ 386 V/cm is CF−3 . At EDrift = 515 V/cm
there are clearly three species. The slowest species is SF−6 and the faster species
between CF−3 and SF
−
6 is SF
−
5 . Similar to pure SF6 [101], the charge that arrives
more lowly than SF−6 are likely SF6-SF
−
6 clusters. When EDrift is increased further,
the SF−6 peak disappears entirely and SF
−
5 emerges prominently above the inter-
peak charge. This negative ion behavior is consistent with the production model for
the same reasons as the 40-0.1 Torr CF4-SF6 experiment. Namely, increasing EDrift
or decreasing PSF6 increases the Eν distribution and the production of CF
−
3 . Also,
SF−5 is produced more readily with increasing EDrift due to the higher probability
of auto-dissociation when Eν is larger.
Figure 4.4e shows at EDrift = 1029 V/cm the waveforms are similar to the wave-
forms in 40-0.1 Torr at 1029 V/cm (Figure 4.3d). In both experiments the peak
associated with CF−3 separates into two species; CF
−
3 and likely F
−. The promi-
nence of SF−5 above the inter-peak charge is also similar. A difference is the absence
of SF−6 in 40-< 0.1 Torr, which is explainable with the production model. Due to
the increase in the electron capture length in 40-< 0.1 Torr, the distribution of Eν
is greater in 40-< 0.1 Torr than in 40-0.1 and SF−6 production is suppressed.
Although the 40-< 0.1 and the 40-0.1 results demonstrate the tunability of each
negative ion species, these mixtures do not produce negative ion species that resolve
the fiducialization issue in pure SF6. At the largest EDrift, CF
−
3 is the dominate
negative ion species and the charge distribution is too broad due to its overlap with
the slightly slower negative ion species, which we have referred to as the F− peak.
If CF−3 is utilized for the track length reconstruction and SF
−
6 or SF
−
5 for fiducial-
ization, the reconstructed track lengths might have large even-by-event fluctuations
even for point-size tracks due to the intrinsic broadness of the charge distribution.
Instead, the behavior of the negative ion species at larger PSF6 are studied with the
objective of finding an optimal SF6-CF4 mixture for fiducialization.
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(a) (b)
(c) (d)
(e) (f)
Figure 4.4: Average laser current waveforms for 40-< 0.1 Torr CF4-SF6 for increasing
drift field. Note the vertical scale changes from log to linear.
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4.4.3 The Effect of PSF6 at Constant PCF4 and E/N
This section describes a series of experiments aimed at characterizing the behavior
of SF−6 , SF
−
5 , and CF
−
3 as PSF6 is increased while maintaining PCF4 and constant
reduced field E/N . The E/N will be expressed in units of Td, where 1Td = 10−17
V cm−2. PSF6 is increased from ≈ 0 Torr to 10 Torr at PCF4 = 20 Torr and E/N =
95Td. PCF4 is lowered to 20 Torr to reach the highest possible E/N without causing
the gas to breakdown. E/N is held fixed by slightly adjusting the high voltage
to compensate for the pressure increase as SF6 is added. Figure 4.5 shows the
waveforms for several PSF6 . The waveforms show that as PSF6 is increased the SF
−
6
production increases at the expense of CF−3 and SF
−
5 , which is expected based on
the production model. As PSF6 increases the primary electrons encounter SF6 earlier
(capture length decreases), and thus the distribution of Eν is lowered. Consequently,
collisional stabilization is the dominant deexcitation method and SF−6 production is
favored. Also favoring the production of SF−6 over CF
−
3 is the increased likelihood
of (SF−6 )
∗ encountering SF6 instead of CF4.
4.4.4 Relative Peak Amplitude and Charge
This section discusses the behavior of the relative amplitude (
Aminority
A
SF−6
) and the
relative charge (
Cminority
C
CF−3
+C
SF−5
+C
SF−6
%), where Cminority is one of the negative ion species:
SF−6 , SF
−
5 , and CF
−
3 . Recall from Figure 4.1 the CF
−
3 peak is really two unresolved
peaks; CF−3 and another peak (perhaps F
−). Consequently, for the case of CF−3 the
amplitude refers to the amplitude of the larger peak (presumed to be CF−3 ), and
the charge is the sum of the charge contained in both peaks (CF−3 + F
−). First,
consider the series of experiments described in Section 4.4.3, where PSF6 = 0-10 Torr,
PCF4 = 20 Torr, and E/N = 95Td. Figure 4.6 shows the relative amplitude and
charge for these experiments versus %SF6 =
PSF6
PSF6+PCF4
%. The curves for the relative
charge in Figure 4.6a are blue for CF−3 , red for SF
−
5 , and black for SF
−
6 . When
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(a) (b)
(c) (d)
(e) (f)
Figure 4.5: Average laser waveforms at 20 Torr CF4 and 0 Torr to 10 Torr SF6 at
E/N = 95Td.
%SF6 < 4%, most of the charge is contained in CF−3 . As %SF6 increases, SF
−
6
production rapidly increases and when %SF6 > 4% it overtakes CF
−
3 as the dominant
charge species. The CF−3 production quickly decreases until for %SF6 > 30% CF
−
3
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(a) (b)
Figure 4.6: At PCF4 = 20 Torr and E/N = 95Td the relative charge and the relative
amplitude versus the relative SF6 pressure %SF6.
is difficult to identify. The SF−5 decreases with %SF6 and asymptotes to 2.5%. The
difference between the total charge (all charge between left edge of CF−3 peak and
right edge of SF−6 peak) and the sum of the three species is the inter-peak charge.
The inter-peak charge remains roughly constant at slightly less than 20%, which is
expected since E/N is unchanging.
Next, consider the relative amplitudes shown in Figure 4.6b. Although the rela-
tive charge is dominated by CF−3 for %SF6 < 4%, the dominant amplitude species is
always SF−6 (see Figure 4.5), so the amplitudes are normalized to SF
−
6 (not shown).
Similar to the relative charge, the CF−3 is nearly as high as SF
−
6 for PSF6 < 0.1 Torr,
but it quickly decreases as %SF−6 increases. The SF
−
5 decreases more slowly and
is larger than CF−3 for %SF6 > 10%. The CF
−
3 relative amplitude is order 1% for
%SF6 > 30%.
In summary the trends are the following: as %SF6 is increased, the relative CF
−
3
production decreases rapidly, the relative SF−5 production decreases more slowly
than CF−3 and asymptotes to a constant, and the relative SF
−
6 production increases
rapidly. Each of these trends are consistent with the production model because as
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(a) 20-3 Torr CF4-SF6. (b) 50-3 Torr CF4-SF6.
Figure 4.7: Relative amplitudes for CF−3 (blue) and SF
−
5 (red) versus the drift field
E.
the SF6 density increases, the electron capture length decreases and the electron
energies are correspondingly lower when they are captured.
Lastly, consider the behavior of CF−3 and SF
−
5 when the gas composition is held
fixed and EDrift is increased. Figure 4.7a and 4.7b show the relative amplitude of
CF−3 (blue) and SF
−
5 (red) for 20-3 Torr CF4-SF6 and 50-3 Torr CF4-SF6 respec-
tively. The trends are similar for both mixtures. For EDrift equal to a few hundred
V/cm, SF−5 is large and CF
−
3 is not produced. When EDrift is increases, SF
−
5 grad-
ually decreases to a few % and CF−3 steadily increases. This behavior is predicted in
our model in Section 4.3, where the increasing EDrift increases the Eν distribution
which in turn increases the CF−3 production.
4.4.5 Reduced Mobility µ0
This section focuses on the reduced mobility u0 (see Equation 3.2)of the three
negative ion species SF−6 , SF
−
5 and CF
−
3 . The behavior of u0 for each species is
characterized versus E/N and %SF6. Figures 4.8, 4.9, and 4.10 compare u0 for SF
−
6 ,
SF−5 and CF
−
3 in two gas mixtures: 20-3 Torr CF4-SF6 (blue) and 50-3 Torr CF4-
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SF6 (red). Figure 4.11 compares u0 versus %SF6. Consider first u0(SF
−
6 ) versus
E/N in Figure 4.8. The location where u0 changes from flat to positive sloping
indicates the transition from thermal to nonthermal drift behavior (see [101] and the
Nernst-Townsend-Einstein relation). For the 20-3 (50-3) Torr CF4-SF6 mixtures,
the u0(SF
−
6 ) transition is 60Td (70Td). The high E/N transition at the higher total
pressure is due to the increase in gas density, which tends to increase the interaction
rate and to maintain the negative ions in thermal equilibrium with the bulk gas.
The dotted curves are other measurements of u0(SF
−
6 ) for 1% %SF6 (upper) and
3.75% %SF6 (lower) [100]. The %SF6 for the 20-3 and the 50-3 mixtures are 13%
and 5.6% respectively, indicating this work measures u0 faster for a given %SF6
than Ref. [100]. This discrepancy might be due to a difference in the total pressure,
since the measurements of Ref. [100] are at higher total pressure. Nevertheless, the
trend for %SF6 is the same; the drift velocity of SF
−
6 decreases monotonically as
%SF6 increases. Ref. [100] asserts the slowing is the result of much stronger SF
−
6 -
SF6 interactions than SF
−
6 -CF4 interactions. Figure 4.11 further corroborates this
behavior, where SF−6 (black) slows with increasing %SF6.
Figure 4.8: Reduced mobilities µ0 for SF
−
6 . The curves for 1% SF6 and
3.75% SF6 are measurements from Ref. [100]
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Figure 4.9: Reduced mobilities µ0 for SF
−
5 .
Figure 4.10: Reduced mobilities µ0 for CF
−
3 , where the curve CF
+
3 are
measurements from Ref. [99].
Figure 4.9 shows u0(SF
−
5 ). Compared to calculating u0(SF
−
6 ) the measurement
of u0(SF
−
5 ) has the difficulty of SF
−
5 being lower amplitude, broader, and surrounded
by inter-peak charge. The two left most data points in the 50-3 curve (red) might
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have been miscalculated due to the increase in the inter-peak charge. Nevertheless,
the deviation from the thermal behavior is consistent with SF−6 . Also similarly
to SF−6 , u0(SF
−
5 ) is higher for the 50-3 mixture and decreases linearly with %SF6
(Figure 4.11 red).
Lastly, consider the behavior of u0(CF
−
3 ) with E/N and %SF6. Based on the
production model, CF−3 is not created until Eν > ∆E
+
0 , and thus E/N must be
greater than some threshold value. Figure 4.10 shows the behavior of u0(CF
−
3 ) with
E/N for 20-3 CF4-SF6 (blue) and 50-3 CF4-SF6 (red). The 20-3 and the 50-3
curves terminate at 40Td and 48Td respectively because the CF−3 peak amplitude
drops below 1% (see Figure 4.7a) and is difficult to identify. Consequently, the onset
for CF−3 production is likely close to E/N = 40Td. The sharp positive slope for
both 20-3 (blue) and 50-3 (red) indicate the ion behavior is nonthermal from the
onset. Unfortunately, no measurements of u0(CF
−
3 ) in CF4 or CF4-SF6 mixtures
were discovered to compare with our measurements. The best comparison to make
are measurements of u0(CF
+
3 ) in CF4 using a drift tube mass spectrometer [99]. Since
typically u0 for the positive ion counterpart to the negative ion are similar to the u0
for the negative ion, u0(CF
+
3 ) in CF4 is a useful comparison with our measurements
of u0(CF
−
3 ). Although u0(CF
+
3 ) is slower than our measured u0(CF
−
3 ), their trend
with E/N is consistent. The behavior of CF−3 with %SF6 is the same as the behavior
of SF−6 and SF
−
5 . u0(CF
−
3 ) decreases linearly with %SF6.
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Figure 4.11: At a constant 95Td and 20 Torr CF4 the mobilities of SF
−
6 ,
SF−5 , and CF
−
3 versus the SF6 percentage of the total pressure.
4.4.6 Diffusion
The next important quantity to describe is the effective diffusion σZ of the pri-
mary negative ion. Figure 4.12a shows σZ versus EDrift for several PCF4 = 50 Torr
and PCF4 = 20 Torr mixtures, and Figure 4.12b shows σZ versus EDrift for several
PCF4 = 50 Torr and PCF4 = 20 Torr mixtures. σZ is measured with:
σZ = σTVd, (4.3)
where σT is the fitted Gaussian of the SF
−
6 peak on its left edge from 30% to 50%
its amplitude after the smoothing time is removed, and Vd is the drift velocity. The
smoothing time is subtracted in quadrature from σfit. Unfortunately, this subtrac-
tion method is only approximately valid because the measured σfit is not strictly
Gaussian. In Chapter 2 the broadening of the waveforms due to the THGEM pitch
σTHGEM is measured to be 99µm ± 11µm, and the broadening due to the capture
117
Chapter 4. Tunable Negative Ion Species In Low Pressure CF4-SF6 Gas Mixtures
length σCapt is measured to be order 10µm for the range of EDrift in this section.
Comparing these measurements to the measurements of σZ in Figure 4.12a and 4.12b,
they are small compared to σZ . Consequently, the effect of σTHGEM and σCapt are
ignored.
Consider Figure 4.12a, where the dotted line represents thermal diffusion (Equa-
tion 1.2). For the 20-0.8 CF4-SF6 mixture (black squares), the %SF6 concentration
is low (3.8%) and the deviation from thermal behavior occurs early in EDrift (about
300 V/cm). Next, the 20-1 mixture (magenta) and the 20-1.2 mixture (green) have
4.8 and 5.7 %SF6 respectively. The EDrift where the onset of nonthermal behavior
occurs is largest for 20-1.2. This is where %SF6 is the highest. For the 20-3 mixture
(blue) %SF6 is the largest of all the mixtures (13%) and the diffusion appears to be
thermal until EDrift ≈ 400 V/cm. The 20-3 mixture is further studied in Section
4.4.8 measuring fiducialization and in Chapter 5 measuring discrimination and di-
rectionality. The trend of σZ implies that thermal behavior is maintained to higher
EDrift as the %SF6 is increased. As shown in Figure 4.12a, the 50-2 and 50-3 trend
to have σZ larger for lower %SF6. The cause for the deviation from thermal below
500 V/cm in the 50-3 is unknown but could be the result of contamination during
the run or peak misidentification due to the increase of the inter-peak charge.
Next consider the dependence of σZ on %SF6 shown in Figure 4.12b, where
E/N is held fixed at 95Td. σZ decreases exponentially with increasing %SF6 and
approaches the minimum value 1 mm. The behavior is the result of the following two
contributions. First recall from Equation 2.4 the contributions to σZ are the diffusion
σDiff , the capture length σCapt, the THGEM σTHGEM , and σSoftware. The σDiff
may decrease as %SF6 increases for the same reason as u0(SF
−
6 ); the SF
−
6 interacts
more strongly with neutral SF6 than CF4 and the increased interaction rate better
maintains SF−6 in equilibrium with the bulk gas. Another contribution is σCapt. The
primary electron capture length will decrease as the number density of SF6 increases,
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(a) The effective diffusion σZ versus E/N .
(b) The effective diffusion σZ at E/N =
95Td and PCF4 = 20 Torr versus %SF6.
Figure 4.12: The dependence of the effective diffusion σZ on EDrift (4.12a) and %SF6
(4.12b).
and as the capture length decreases so will the lengthening of the track before capture
σCapt. However, given that SF6 captures at very low %SF6 (Figure 4.4a) the capture
length is likely very short above a few %SF6. The continued downward trend of σZ
above a few %SF6 is then almost exclusively due to the increasing SF
−
6 interaction
rate with the bulk gas.
4.4.7 Broadness of the CF−3 Spatial Distribution
In this section the broad nature of the CF−3 charge distribution is discussed.
There are two potential causes for this, but the second is the more likely. The first is
complex and involves the production of the negative ion. If all the steps for the CF−3
production occur quickly (efficiently), then the ions will be clustered in time and the
peak will be narrow. However, if any of the steps require a significant or varying
amount of time, then the peak will broaden. There are two steps which might be
inefficient. The first is the electron transfer between the intermediate complexes,
which might depend on the distribution of Eν . The second is the time for the auto-
dissociation of CF−4 to CF
−
3 , which might be altered and lengthened because of the
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CF−4 proximity to the SF6, its internal energy, or another means. Another potential
cause for the broadness is the overlap of the CF−3 charge distribution with the charge
distribution of another species. Figure 4.3d and 4.4f indicate there is another negative
ion species (perhaps F−) that separates itself from CF−3 at high E/N . It is unclear
if this species is present at low E/N and high %SF6. Future work is required to
determine its effect on the width of CF−3 , and how to minimize it.
4.4.8 Fiducialization
This section discusses the optimal mixture for fiducialization and, using this mix-
ture, presents results on fiducialization. In order to select the optimal mixture,
consider the following trends. In Section 4.4.4 the production of CF−3 rapidly drops
with %SF6 and disappears entirely for %SF6 > 35%. However, not yet discussed
is that as %SF6 is increased the mixtures are more stable and can achieve higher
gas gains. Therefore, the optimal mixture for fiducialization must take into account
the trade-off between gain and CF−3 production. For the CF
−
3 fiducialization to be
more reliable than SF−5 fiducialization in SF6 given the current signal to noise of our
detector, the CF−3 production must be greater than 2.5% (by amplitude). This work
asserts the optimal relative production is 8% to 10%, which is large enough to reliably
fiducialize without taking too much charge from the SF−6 charge distribution. The
SF−6 charge distribution should contain the majority of the charge in order to best
measure all other track properties needed for directional dark matter searches. With
these considerations, the 20-3 Torr mixture at EDrift = 702 V/cm is selected, which
has a relative CF−3 production of 9.8% and low effective diffusion (σZ < 1mm over
58.3cm). The waveform is shown in Figure 4.5e. Also important, the relative SF−5
production in the 20-3 Torr mixture and in 30 Torr SF6 is the same at 2.5%. This
allows the SF−5 fiducialization in the 20-3 Torr mixture to represent the fiducializa-
tion characteristics in SF6. In other words, the conclusions about the fiducialization
in the 20-3 Torr mixture can be directly compared with the fiducialization in SF6.
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Next, the effectiveness of the CF−3 fiducialization is compared to the SF
−
5 fidu-
cialiation in the 20-3 Torr mixture. Recall the fiducialization is given by
Z =
vsvp
vs − vp∆Tp−s, (4.4)
where Z is the location of the track, vs and vp are the drift velocities of the secondary
species and SF−6 respectively, and ∆Tp−s is the arrival time difference between the
secondary and SF−6 . First, consider the CF
−
3 and the SF
−
5 fiducialization using
the laser to produce ionization at the cathode (Z = 58.3 cm). Figure 4.13 shows
the fiduzialization utilizing the CF−3 (blue) and the SF
−
5 (red). Each laser-induced
track drifts the length of the detector, so the reconstructed Z should be centered
on 58.3 cm. Unfortunately, the intrinsic broadness of the CF−3 charge distribution
(Section 4.4.7) causes the reconstructed Z distribution to be broader than the SF−5
Z distribution. This means the resolution in Z utilizing CF−3 is worse than SF
−
5 for
this mixture. However, what Figure 4.13 does not demonstrate is the higher CF−3
fiducialization efficiency compared to SF−5 fiducialization.
In order to characterize the efficiency of the CF−3 and the SF
−
5 fiducialization,
the DD neutron generator is utilized to create low energy nuclear recoils at Z lo-
cations distributed throughout the detector. Figure 4.14 shows the reconstructed
Z distributions for the “GEM-side” (Figure 4.14a) and the “Cathode-side” (Figure
4.14b) locations for the DD neutron generator. The reader is referred to Section
3.4 for the description of the DD generator. Notice the CF−3 fiducialization is red
and the SF−5 fiducialization is blue. Both Figures show several benefits of the CF
−
3
fiducialization. Since each track is fiducialized independently for CF−3 and SF
−
5 , a
given track can be fiducialized for CF−3 and SF
−
5 , for one and not the other, and
for neither (not fiducialized). Consequently, the greater statistics in the CF−3 fidu-
cialization qualitatively demonstrates the improved fiducialization efficiency of CF−3
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Figure 4.13: Reconstructed track Z for the
laser generated tracks utilizing the SF−5
(red) and the CF−3 (blue). For the laser
Z = 58.3 cm.
compared to SF−5 . Quantitatively, when utilizing CF
−
3 fiducialization 70% and 76%
of all “GEM-side” and the “Cathode-side” tracks respectively are fiducialized. This
is compared to 38% and 50% using SF−5 to fiducialize from the “GEM-side” and the
“Cathode-side”, respectively.
(a) (b)
Figure 4.14: ∆Z for the SF−5 and CF
−
3 peaks. Ionization created by DD generator.
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Another benefit of the CF−3 fiducialization is not only that the CF
−
3 charge
distribution is easier to identify, but it is harder to misidentify. Since the SF−5
production is small and the SF−5 charge distribution is immersed in the inter-peak
charge, the likelihood of falsely identifying a noise peak as SF−5 is significant. In
order to have a qualitative understanding of the frequency of misidentification of
both the SF−5 and the CF
−
3 peaks, we consider their reconstructed Z distribution
above 58.3 cm, which is the maximum drift distance. For both the “GEM-side” and
the “Cathode-side” experiments, the SF−5 Z distribution has a tail that extends far
beyond 58.3 cm. This is in contrast with the CF−3 distribution, which has a much
smaller fraction of events with Z > 58.3 cm.
In addition, another advantage of using CF−3 over SF
−
5 for fiducialization is the
larger detector volume that can be fiducialized. Since Equation 4.4 shows that Z is
proportional to ∆Tp−s and CF−3 is faster than SF
−
5 , ∆Tp−s is larger for CF
−
3 than
SF−5 at a given Z. The detector and the data analysis combined have a minimum
time difference between the arrival of two species ∆Tmin required to resolve them.
Consequently, ∆Tmin corresponds to a smaller Zmin for CF
−
3 than for SF
−
5 . Figure
4.14 shows Zmin = 5 cm for CF
−
3 and Zmin = 10 cm for SF
−
5 . Therefore, the fiducial
volume of the detector available for the dark matter search is higher with CF−3 ,
thereby increasing the sensitivity of the experiment.
A final point to note is that the shape of the CF−3 “GEM-side” and “Cathode-
side” fiducialization distributions clearly indicate the location of the DD generator.
This is because the solid angle for neutron interactions in the 3 cm by 3 cm active
region decreases as the interaction distance from the DD generator is increased.
Consequently, a greater number of neutron interactions are expected on the side
of the detector closest to the DD generator. Figure 4.14 shows the “GEM-side” Z
distribution has a greater number of tracks at short Z and is positively skewed. The
opposite situation results for the “Cathode-side” Z distribution, because the DD
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generator is on the Cathode-side of the detector. The CF−3 fiducialization reflects
the inherent shape of the Z distribution better than the SF−5 fiducialization. The
small peak/excess of events in the CF−3 fiducialization is likely due to the occasional
misidentification of the CF−3 peak with SF
−
5 .
4.4.9 Waveform Stability over 24 Hours
The final property of the CF4-SF6 mixtures discussed in this chapter is the sta-
bility of the waveforms over time compared to those of SF6. Section 3.3 and Ref.
[101] describe the changing negative ion behavior of SF6 gas over time. In SF6 the
inter-peak charge increases dramatically over the course of six hours. The reason
was attributed to SF−6 -H2O interactions during the drift of SF
−
6 , which produce
one or more unknown negative ion species that reside in the inter-peak charge. The
amount of water contamination gradually increases as the acrylic of the detector
outgases over the duration of the experiment. This section presents the negative ion
behavior of the 20-3 CF4-SF6 mixture at three time intervals over the course of 24
hours.
Figure 4.15 shows the shape of the average laser waveforms for 2 hours (blue), 11
hours (red), and 24 hours (black) after the introduction of fresh gas. The inter-peak
charge between the CF−3 and the SF
−
5 and between the SF
−
5 and the SF
−
6 begins
low and remains unchanged for 24 hours. The only significant change is to the drift
velocity of CF−3 , which after 24 hours (black) is slower by 1.7% compared to after
2 hours (blue). Although this change in the drift velocity over a 24 hour period
has little effect on the Z fiducialization, it requires further study. It is possible that
the slowing of the CF−3 species is due to outgassing of SF6, because as shown in
Figure 4.11 each negative ion species is slowed as SF6 is added to the mixture. Since
the drift velocities of the SF−5 and the SF
−
6 species do not much over time (see
Figure 4.15), the drift velocity of the CF−3 species may be much more sensitive to
the SF6 concentration than the other species. Also, since the detector was operated
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under similar conditions (pressure, pump down procedure, etc.) to the 20 Torr SF6
experiments, the rate of water outgassing can be assumed similar. Therefore, the
stability of the inter-peak charge in 20-3 Torr CF4-SF6 compared to SF6 is most
likely due to the lower SF6 concentration in 20-3 Torr CF4-SF6.
Figure 4.15: Average laser waveforms at 20-3 Torr CF4-SF6 demonstrating the stable
production of the negative ion species and the inter-peak charge.
4.5 Conclusion
This chapter discusses the discovery and characterization of a new, tunable neg-
ative ion species in mixtures of CF4-SF6. The new species resolves the issue of the
small SF−5 production in pure SF6 used to fiducialize TPCs along the drift direc-
tion. The new species is hypothesized to be CF−3 and a model is proposed for its
production and behavior in our TPC experiments. Next, we preformed a series of
experiments to characterize the properties and relative production of the three nega-
tive ion species (SF−6 , SF
−
5 , and CF
−
3 ) as a function of SF6 concentration %SF6 and
125
Chapter 4. Tunable Negative Ion Species In Low Pressure CF4-SF6 Gas Mixtures
reduced field E/N . The results show the CF−3 production increases at the expense
of SF−6 as either %SF6 is decreased or E/N is increased. Base on these measure-
ments, we found that the optimal mixture for fiducialization is 20-3 Torr CF4-SF6
at E = 702 V/cm, where the relative production of CF−3 is 9.8%. This mixture is
utilized to measure the fiducialization with CF−3 and to compare it with the fiducial-
ization measured with SF−5 . The results demonstrate the improved efficiency and
the increase in fiducial volume for the CF−3 fiducialization compared to the SF
−
5
fiducialization. Lastly, the 20-3 Torr mixture is shown to be stable over at least a
24 period, which is much better than in pure SF6. In Chapter 5 the 20-3 mixture is
further utilized in experiments where we measure discrimination and directionality,
the key quantities used in directional dark matter experiments.
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Chapter 5
Discrimination and Directionality
in Novel CF4-SF6 Gas Mixture
5.1 Introduction
In this chapter the discrimination and the directionality are measured in 20-3
Torr CF4-SF6 utilizing a 1D readout. These measurements are motivated by the
work presented in Chapter 4, where the unexpected discovery of a tunable negative
ion species in CF4-SF6 mixtures is characterized and found to be a solution for the
small SF−5 fiducialization peak in SF6. The relative production of the species is
found to increase from 0% to more than 50% of the total charge either by decreasing
the SF6 concentration (%SF6) or by increasing the reduced field (E/N). In Section
4.3 the production model for the new species is described, and its identity is asserted
to be CF−3 . The model predicts CF
−
3 to be produced through dissociative electron
transfer, where the excited (SF−6 )
∗ can transfer the electron to CF4 if the vibrational
energy Eν of (SF
−
6 )
∗ is greater than the internal energy barrier. When the electron
transfer occurs the CF−4 subsequently auto-dissociates to CF
−
3 and F , or to F
− and
CF3.
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Although the CF−3 production can be arbitrarily set by tuning %SF6 or E/N ,
the increase of the CF−3 production comes at the expense of the SF
−
6 production.
Consequently, the CF−3 production should be large enough to reliably fiducialization
and to maximize SF−6 production, where the SF
−
6 peak is utilized to measure track
properties such as the track length and the track skewness. The 20-3 Torr CF4-SF6
mixture at drift field EDrift = 702 V/cm is selected for further study because the
relative CF−3 production (by charge) is 9.8% (see 13% %SF6 in Figure 4.6a), which
is large enough to reliably fiducialize without detriment to other track properties.
In Chapter 3 the discrimination and the directionality are quantified utilizing a 1D
TPC readout with the quantities EDisc and ESkew, which are the threshold energies
above which the data demonstrates discrimination and directionality, respectively.
Similarly, in this chapter the discrimination and directionality are measured and
quantified with EDisc and ESkew in 20-3 Torr CF4-SF6 at EDrift = 702 V/cm using a
TPC with a 1D readout. The issue of the oscilloscope dead-time and the high gamma-
ray production from the DD generator (see Section 3.4) causes at low energies the
rate of gamma-ray induced electronic recoils to be much greater than the rate of
neutron-induced nuclear recoils. In order to lower the rate of gamma-ray induced
electronic recoils the detector must either be shielded with lead bricks in order to
reduce the gamma-ray flux entering the detector, or the trigger threshold for the
data acquisition must be increased. The solution was to measure the discrimination
and the directionality in separate, dedicated experiments. For the discrimination
measurement the detector is shielded with lead bricks and the trigger threshold is
set at the 55Fe level (≈ 5.9 keV ee). Whereas, for the directionality measurement no
lead shielding is utilized and the trigger threshold is increases to the point where the
nuclear recoil rate is about as large as the electronic recoil rate. This threshold was
experimentally determined to be ≈ 20 keV ee. The motivation for these experimental
setups for the discrimination and the directionality experiments are discussed in
Sections 5.3 and 5.4, respectively.
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The chapter proceeds by describing the detector, the data acquisition, and the
data analysis in section 5.2. The discrimination measurement is discussed in Section
5.3; where the four discrimination selection cuts and their effect on the data are
presented in Section 5.3.1, the procedure to define the electronic recoil band and
the nuclear recoil band is discussed in Section 5.3.2, and the resulting discrimination
measurement presented in Section 5.3.3. The directionality measurement is discussed
in Section 5.4; where the effect of the four directionality selection cuts and the result-
ing nuclear recoil band are presented in Section 5.4.1, and the resulting directionality
measurement is presented in Section 5.4.2. Finally, this chapter presents in Section
5.5 the first range versus energy measurement in 20-3-100 Torr CF4-SF6-He, where
100 Torr He is added to the 20-3 Torr CF4-SF6 mixture. The addition of He is
interesting for low mass WIMP searches with TPCs (see Section 5.5). The 100 Torr
He pressure was selected in order to have a high He concentration without incur-
ring instability, and it was meant merely as a starting point. Since the experiment
had very poor signal to noise, a 60Co experiment and a long background experiment
(needed to define the electronic recoil band and the electronic recoil band) were
not performed and other He pressures were not pursued. Consequently, although a
notion of the discrimination is given based on the range versus energy for the DD
neutron experiment, a full discrimination measurement cannot be performed.
5.2 Data Acquisition and Analysis
The experiments in this chapter utilize the same 1D detector, preamplifier, and
oscilloscope acquisition as Chapter 3 and Chapter 4. Figure 5.1 shows the detec-
tor with the lead shielding (bricks) in place in order to reduce the gamma-ray flux
from the DD generator for the discrimination experiment. The nuclear recoils are
generated by orienting the DD generator in front of the THGEM (“GEM”) and the
cathode (“Cathode”) as discussed in Section 3.4. For the data analysis, the algo-
rithms are described in detail in Section 3.6. The filter parameters are summarized
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in Table 5.1, where SGV is the Savitzky-Golay (SG) filter applied to the filtered volt-
age signal VFilt, and SGI is the SG derivative filter utilized to calculate the current
ILength. The discrimination experiment “Disc” has a larger filter window W than the
directionality experiment “Skew”. This is because the discrimination experiment can
trigger on lower energy tracks than the directionality experiment. The low energy
tracks have worse signal-to-noise and require additional filtering.
Figure 5.1: Experimental setup for the “Cathode-side” dis-
crimination experiment, where the lead bricks are in place
to reduce the gamma-ray flux.
Filtering Algorithm
Skew Disc
Notch (kHZ) 53,72 53,72
SGV O 4 2
SGV W 25 51
SGI O 4 2
SGI W 101 101
Table 5.1: The parameters for the
Savitsky Golay (SG) filters. SGV
refers to the SG filters applied to VFilt
and SGI refers to the SG derivative
filter to calculate ILength.
Track Property Algorithm
Skew Disc
(I · dI
dt
)min 3E-4 1E-4
%Edge (%) 10 10
Table 5.2: The thresholds and param-
eters for the track property algorithm.
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The track property algorithm is similar to the algorithm described in Section 3.7.
The thresholds to define the track length are summarized in Table 5.2, where %Edge
is the percentage of IMax where the track edges are located. The fiducialization
algorithm is modified to require each potentially located minority charge distribution
to pass amplitude and charge (area) qualifications. The qualifications are shown in
Table 5.3, where A and H refer to area and amplitude, and “min” and “max” are
the minimum and maximum values allowed for SF−5 and CF
−
3 . The amplitude and
charge qualifications are selected based on measurements in Chapter 4. Although
they reduce the fiducialization efficiency for low energy tracks, they prevent noise
peaks from being misidentified as a minority species. Lastly, the track skewness is
defined by Equation 3.5.
Fiducialization Algorithm
Skew Disc
σFid(us) 12 15
ACF−3 ,min(%) 5 5
ASF−5 ,min(%) 2 2
HCF−3 ,min(%) 2 2
HSF−5 ,min(%) 2 2
ACF−3 ,max(%) 40 40
ASF−5 ,max(%) 40 40
(IFid · dIFiddt )min 1E-4 1E-5
%Edge 10 10
Table 5.3: The parameters and thresholds
for the fiducialization algorithm.
The energy calibrations are performed according to Section 3.4. A typical 55Fe
charge (area) spectrum is shown in Figure 5.2. The area-to-energy conversion factor
is 5.9keV/x0, where x0 = 14.9 is the mean location for the Gaussian fit. σA is the
width of the Gaussian fit. Unfortunately, the energy resolution is often worse than
30% due to the poor signal-to-noise and the noise artifacts in the signal. In Figure
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5.2 the energy resolution is σ/x0 = 44%. Most of the noise is introduced from the
high voltage power supply for the cathode, which cannot be removed with the high
voltage filter box utilized in Chapter 2 because the filter box has a break voltage of
36kV . Therefore, reducing the noise and improving the energy calibration is crucial
in future work.
Figure 5.2: Typical area spectrum
for 5.9keV 55Fe X-rays.
5.3 Discrimination Measurement
In this section a series of experiments are presented that were performed in order
to define the electronic and the nuclear recoil bands and to measure the discrimina-
tion in 20-3 Torr CF4-SF6 utilizing a 1D readout. These experiments consist of: a
DD neutron generator experiment, where the neutron-induced nuclear recoils within
the detector are used to measure the discrimination; a 60Co experiment, where the
gamma-rays induce electronic recoils which are used to define the electronic recoil
band; and a background (ambient radiation) experiment, which in conjunction with
the 60Co experiment is utilized to define the nuclear recoil band. The defining of the
electronic and nuclear recoil bands will be discussed in Section 5.3.2.
Here are several details concerning the experimental setup for these experiments.
For each experiment the trigger threshold is set so that the acquisition system triggers
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consistently on 55Fe x-rays (≈ 5.9 keV ee). For the 60Co experiment, the 60Co source
is placed on top of the acrylic shield of the detector, halfway between the cathode
and the anode. For the background experiment no ionization source is placed near
the detector. Instead, the background experiment contains cosmic ray induced elec-
tronic recoils and RPRs originating from the detector materials. For the DD neutron
generator experiment, since the focus is on the discrimination measurement the DD
generator is oriented on the Cathode-side of the detector only and lead bricks are
placed between the DD generator and the detector in order to reduce the gamma-ray
flux entering the detector. A “GEM-side” experiment is not performed, because the
directionality measurement, which is quantified by the skewness difference between
the “GEM-side” experiment and the “Cathode-side” experiment, is not pursued.
This is because the directionality measurement requires a greater number of nuclear
recoil statistics than can be obtained (in a reasonable amount of time) with a ≈ 5.9
keV ee trigger threshold. The directionality measurement is performed is a dedicated
series of experiments that will be presented in Section 5.4.
5.3.1 Discrimination: Selection Cuts
This section presents the four cuts leading up to the identification of the nuclear
recoil band: the saturation cut, the Rise Time (RT) cut, the fiducialization cut, and
the ln(η) cut (η = IMax
dZ
). These cuts are similar to the selection cuts utilized for
the 30 Torr SF6 discrimination and directionality measurements (see Section 3.8).
In this section a brief description of each cut is provided. The reader is referred to
Section 3.8 for the complete description and the motivation for each cut. First, the
effect of each cut on the data is shown for the DD neutron generator experiment
in Figure 5.3 in terms of the ln(η) versus energy E parameters space. After each
cut is described, in Section 5.3.2 the 60Co experiment, the background experiment,
and how the nuclear recoil band is defined based on them is discussed. The blue
dotted line in Figure 5.3 represents the boundary line between the nuclear recoil
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band (above) and the electronic recoil band (below), which will be defined in Section
5.3.2.
Saturation Cut: The first cut is the saturation cut, which is utilized to re-
ject all tracks with peak voltage Vmax greater than 76mV (red). For tracks with
Vmax > 76mV the signal extends beyond the vertical scale of the oscilloscope. The
tracks that pass the saturation cut (black) are shown in Figures 5.3a. Notice the sat-
urated tracks reside on the upper right. This is because the peak current is roughly
constant (numerator of η), while the length of the track continues to increase with
the track energy (denominator of η). Consequently, the saturated tracks have ln(η)
progressively decreasing with energy.
Rise Time (RT) Cut: On the events that pass the saturation cut, the rise
time (RT) cut is applied. RT is defined as the time it takes the voltage signal to
increase from 10% to 25% of Vmax. The RT cut removes tracks with RT < 5 µs.
Figure 5.3b shows the rejected tracks (red) after the saturation cut. Notice the band
of events along the top of the ln(η) distribution (with the largest ln(η)). This band
consists entirely of “unphysically” fast events and is completely removed with the
RT cut.
Fiducialization Cut: Next is the fiducialization cut, whose effect is shown in
Figures 5.3c. The fiducialization cut places the following two requirements on the
reconstructed fiducialization Z. It requires the reconstructed Z estimated with CF−3
and SF−5 to be less than 60 cm and greater than 10 cm (60 cm < ZCF−3 < 10 cm
and 60 cm < ZSF−5 < 10 cm). The requirements ZCF
−
3
< 60 cm and ZSF−5 < 60 cm
ensure that each track is fiducialized within the detector volume. The ZCF−3 > 10 cm
and ZSF−5 > 10 cm requirement conservatively rejects events where the SF
−
5 charge
distribution might be overlapping with the SF−6 charge distribution, which would
distort calculated track properties such as the track skewness (shape of SF−6 charge
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distribution) and the track length (extent of the SF−6 charge distribution along Z).
Although the statistics are greatly reduced, the fiducialization cut ensures only the
highest quality tracks proceed to the ln(η) Cut.
ln(η) Cut: The first three cuts reject tracks which may not have been incorrectly
reconstructed. The final cut is the ln(η) cut, which takes the remaining tracks,
separates the electronic recoil band and the nuclear recoil band (with the boundary
line defined in Section 5.3.2), and selects the nuclear recoil band (all events above
the boundary line). The ln(η) cut is successful because nuclear recoil tracks tend
to have high dE
dx
and short track lengths ∆Z compared to electronic recoil tracks.
Consequently, the nuclear recoil band resides at high ln(η). Figure 5.3 shows the
ln(η) cut, where all tracks above the boundary line (dotted blue line) are considered
part of the nuclear recoil band and pass the ln(η) cut. The location of the boundary
line will be discussed in Section 5.3.2. All tracks that lie below the boundary line (fail
the ln(η) cut) reside either in the electronic recoil band (defined in Section 5.3.2) or
the “haze”. The “haze” will be discussed along with the results of the discrimination
measurement in Section 5.3.3.
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Distrimination: Selection Cuts
Saturation Cut
(a) The saturation cut rejects
the events where the voltage sig-
nal saturates the vertical scale of
the oscilloscope (76mV ).
Rise Time (RT) Cut
(b) The Rise time (RT) cut re-
jects events with RT < 5 µs.
Fiducialization Cut
(c) The fiducialization cut re-
jects events where ZCF−3
or
ZSF−5
lie outside of (10 cm <
ZCF−3
< 60 cm) or (10 cm <
ZSF−5
< 60 cm).
ln(η) Cut
(d) The ln(η) cut, where the nu-
clear recoil band lies above the
boundary line (blue dotted line).
Figure 5.3: Discrimination: The selection cuts for the DD neutron generator exper-
iment in 20-3 Torr CF4-SF6, where the black events pass the given cut and the red
events pass all previous cuts but fail the given cut. The blue dotted line represents
the boundary line defined in Section 5.3.2.
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5.3.2 Defining The Nuclear Recoil Band
This section describes how the boundary line (blue dotted line in Figure 5.3 that
divides the electronic recoil band from the nuclear recoil band) is defined. First,
an approximately 10 hour 60Co experiment was performed. Since the 60Co induces
only electronic recoils within the detector, a band should be present in the 60Co
experiment that corresponds to the electronic recoil band. For the 60Co experiment,
Figure 5.4 shows the effect of the saturation cut (5.4a), the RT cut (5.4b), the
fiducialization cut (5.4c), and the ln(η) cut (5.4d) in terms of ln(η) versus energy.
Figure 5.4d shows the band at low energy and small ln(η) is the electronic recoil band.
The few events at larger ln(η) are likely RPR backgrounds, which occur during all
experiments (see 1.6.3).
Next, an approximately 10 hour background (ambient radiation) experiment was
performed. Figure 5.5 shows the effect of each cut on the background experiment.
Similar to the 60Co experiment, the background experiment consists mostly of elec-
tronic recoils (induced from ambient gamma-rays) and the occasional RPR. This is
confirmed in Figure 5.5d. The nuclear recoil band is defined based on the 60Co ex-
periment (Figure 5.4d) and the background experiment (Figure 5.5d) such that the
electronic recoil band is excluded and the RPRs are included. The result is the blue
dotted line, above which is the nuclear recoil band and below which is the electronic
recoil band.
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Discrimination: 60Co Selection Cuts
Saturation Cut
(a) The saturation cut rejects
the events where the voltage sig-
nal saturates the vertical scale of
the oscilloscope (76mV ).
Rise Time (RT) Cut
(b) The Rise time (RT) cut re-
jecting events with RT < 5 µs.
Fiducialization Cut
(c) The fiducialization cut re-
jects events where ZCF−3
or
ZSF−5
lie outside of (10 cm <
ZCF−3
< 60 cm) or (10 cm <
ZSF−5
< 60 cm).
ln(η) Cut
(d) The ln(η) cut, where the nu-
clear recoil band lies above the
boundary line (blue dotted line).
Figure 5.4: Discrimination: The selection cuts for the 60Co experiment in 20-3 Torr
CF4-SF6. The black events pass the given cut and the red tracks pass all previous
cuts but fail the given cut. The blue dotted line is the boundary line defined in
Section 5.3.2.
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Discrimination: Background Selection Cuts
Saturation Cut
(a) The saturation cut rejects
the events where the voltage sig-
nal saturates the vertical scale of
the oscilloscope (76mV ).
Rise Time (RT) Cut
(b) The Rise time (RT) cut re-
jecting events with RT < 5 µs.
Fiducialization Cut
(c) The fiducialization cut re-
jects events where ZCF−3
or
ZSF−5
lie outside of (10 cm <
ZCF−3
< 60 cm) or (10 cm <
ZSF−5
< 60 cm).
ln(η) Cut
(d) The ln(η) cut, where the nu-
clear recoil band lies above the
boundary line (blue dotted line).
Figure 5.5: Discrimination: The selection cuts for the background experiment in
20-3 Torr CF4-SF6. The black events pass the given cut and the red tracks pass
all previous cuts but fail the given cut. The blue dotted line is the boundary line
defined in Section 5.3.2.
The location of the boundary line is consistent with the range (∆Z) versus energy
for the 60Co experiment and the background experiment shown in Figures 5.6 and
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5.7. The events that lie below the boundary line (red) in Figures 5.4d and 5.5d
reside in the vertical band (red) in Figures 5.6b and 5.7b. Due to their low dE
dx
,
electronic recoils form a vertical band in range versus energy space. Also, although
the statistics are few the RPR events (black) lie in the beginnings of a horizontal
band, which is the nuclear recoil band.
Discrimination: 60Co Experiment
(a) (b)
Figure 5.6: Discrimination: The range (∆Z) versus Energy for the 60Co experiment
in 20-3 Torr CF4-SF6.
Discrimination: Background Experiment
(a) (b)
Figure 5.7: Discrimination: The range (∆Z) versus Energy for the background ex-
periment in 20-3 Torr CF4-SF6.
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5.3.3 Discrimination: Results and Discussion
The result of the discrimination measurement is shown in Figure 5.8 by utilizing
the range versus energy of the DD neutron generator experiment. The red, vertical
band is the electronic recoil band, and the horizontal band (located at the bottom
of the black events) is the nuclear recoil band that consists mostly of F recoils.
Unfortunately, the separation between the nuclear recoil band and the electronic
recoil band is blurred by the what we call the “haze”. The “haze” are the events
that lie between the nuclear recoil band and the electronic recoil band in range versus
energy.
Discrimination Measurement
(a) (b)
Figure 5.8: Discrimination: The range (∆Z) versus Energy for the DD neutron
generator experiment in 20-3 Torr CF4-SF6.
The “haze” will be considered in detail in the next paragraph. Even despite
the “haze”, EDisc can be estimated from Figure 5.8a, which focuses on the low
energy region of the range versus energy. It indicates there is discrimination down
to ≈ 15keV e. Also, the range verse energy for the 60Co experiment (Figure 5.6) and
the background experiment (Figure 5.7) are consistent with discrimination down to
≈ 15 keV ee. Consequently, this work measures the EDisc utilizing a 1D readout
to be EDisc ≈ 15 keV ee, where the “haze” and the nuclear recoil statistics are the
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biggest issues limiting the discrimination measurement.
We believe the “haze” are proton recoils that cross the entire active region of the
THGEM (3 cm by 3 cm). They are the result of neutrons from the DD generator
interacting in the acrylic cylinder of the detector, liberating a proton from the acrylic,
and sending the proton recoiling through the gas. The nuclear recoils that correspond
to the nuclear recoil band are mostly F recoils, which are much heavier than protons.
Consequently, proton recoils (like the “haze”) are longer than the F recoils (nuclear
recoil band). Also supporting the idea that the “haze” consists of neutron-induced
proton recoils from the acrylic are the range versus energy for the 60Co experiment
(Figure 5.6b) and the background experiment (Figure 5.7b), which do not have a
“haze”. Although it is possible to estimate the expected rate of neutron-induced
proton recoils, the rate is not estimated. This is because it is difficult to take into
account the effect of the oscilloscope dead-time and estimate the “true” rate of “haze”
events.
Finally, we attempted to perform a “null” skewness experiment, where the DD
generator was positioned along the side of the acrylic cylinder. For this “null” skew-
ness experiment, the expected skewness distribution is centered on zero skewness.
However, immediately upon powering the DD generator we observed a high rate of
long, high energy, nuclear recoil-like events, which were different from the typical
nuclear recoil events or the electronic recoil events seen when the DD generator is
positioned at the THGEM or the cathode. The “null” experiment was immediately
aborted for fear of damaging the THGEM. Afterwards, we concluded the most likely
cause for these events are neutron-induced proton recoils, where the high rate is the
result of having no aluminum or steel material between the DD generator and the
acrylic to attenuate the neutrons. Whereas, for the “GEM-side” experiment and the
“Cathode-side” experiment the neutrons must pass through the aluminum anode
(“GEM”) or the steel cathode (“Cathode”).
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Based on these results and the “null” experiment, all/most of the black events
in the range versus energy in Figure 5.8b are nuclear recoils, but we cannot say that
all are F recoils. Since the protons cross the entire active region of the THGEM,
adding a veto wire to the readout is the best way to remove the “haze” and thereby
make the distinction between the nuclear recoil band (F recoils) and the electronic
recoil band clearer a future discrimination measurement.
5.4 Directionality Measurement
This section presents the directionality (skewness) measurement utilizing a 1D
readout in 20-3 Torr CF4-SF6. The directionality measurement requires many nu-
clear recoil tracks in order to statistically measure the directionality. Unfortunately,
the DD generator produces a high flux of gamma-rays, which interact in the detector
at a high rate and create lots of low energy electronic recoils. Consequently, due
to the oscilloscope dead-time the electronic recoil rate dominates the nuclear recoil
rate, and it is difficult to acquire nuclear recoil statistics (see Section 3.4).
In order to resolve the issue of the low nuclear recoil rate either the detector
must be shielded with lead (as is done for the discrimination measurement discussed
in Section 5.3) or the trigger threshold must be increased. For the case of utilizing
lead shielding, the neutrons are frequently scattered within the lead shielding, which
causes the initially directional beam of neutrons to enter and to interact in the detec-
tor at potentially large angles. Consequently, the intrinsic directionality available to
measure is diluted using the lead shielding. Therefore, the directionality experiment
utilizes a high trigger threshold and no lead shielding. The trigger threshold is de-
termined experimentally by raising the trigger threshold until the nuclear recoil rate
is about the same as the electronic recoil rate. This occurred at a trigger threshold
of approximately 20 keV ee.
Similar to the discrimination section (Section 5.3), first the selection cuts for the
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directionality measurement are discussed in terms of ln(η) versus energy in Section
5.4.1. Next, in Section 5.4.2 the magnitude of the directionality is quantified by
the skewness difference versus energy between the “GEM-side” experiment and the
“Cathode-side” experiment (SkewGEM−SkewCathode). This same skewness difference
quantity was discussed in Section 3.9.2 to quantify the directionality for the 30 Torr
SF6 directionality measurement.
5.4.1 Directionality: Selection Cuts
The selection cuts for the directionality measurement are similar to the selection
cuts for the discrimination measurement discussed in Section 5.3.1. The effect of
each cut on the “GEM-side” experiment (DD generator on the GEM-side) and the
“Cathode-side” experiment (DD generator on the Cathode-side) are shown in Figures
5.9 and 5.10.
First, consider the saturation cut shown in Figures 5.9a and 5.10a. For the
directionality experiments the vertical scale of the oscilloscope is increased in order
to contain higher energy events. Consequently, the saturation cut is 0.39 V . The
saturation cut rejects the events lying on the upper right of these Figures.
Next, the RT cut (RT > 5 µs) is applied to the events passing the saturation
cut. Figures 5.9b and 5.10b shows the effect of the RT cut. The RT cut removes
the “unphysically” fast RT events, which have the largest ln(η) at a given energy
(see Section 2.6.1). Due to the higher trigger threshold (≈ 20 keV ee) compared to
the discrimination experiment (≈ 5.9 keV ee) these events do not form a completely
independent band from the nuclear recoil band. Nevertheless, the RT cut (RT > 5
µs) removes them. The collection of events at zero energy are sparks, which also fail
the RT cut.
The events that pass the RT cut are sent to the fiducialization cut, which rejects
events that fail 60 cm < ZCF−3 < 10 cm and 60 cm < ZSF
−
5
< 10 cm. The result of the
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fiducialization cut is shown in Figures 5.9c and 5.10c. Similarly to the discrimination
fiducialization cut (Figure 5.3c), many events are cut by the fiducialization cut.
Nevertheless, unlike the discrimination experiment there remains a large number of
statistics after the fiducialization cut.
Finally, the nuclear recoil band and the electronic recoil band are located based
on the boundary line (blue dotted line in Figures 5.9d and 5.10d), which defines
the separation between the electronic recoil band and the nuclear recoil band. The
location of the boundary line is adjusted slightly relative to the location discussed
in Section 5.3.2. This is because the energy range of the directionality experiments
(≈ 20 keV ee-≈ 400 keV ee) are higher than the discrimination experiments (≈ 5.9
keV ee-≈ 80 keV ee). As a result, the signal-to-noise is higher for the directionality
experiments, which allows the software filtering to be reduce compared to the dis-
crimination experiments (see Section 5.2). The reduced filtering causes the measured
track lengths at a given energy to be slightly shorter and IMax to be slightly larger
than the discrimination experiment. Therefore, the ln(η) for the directionality ex-
periments (Figures 5.9d and 5.10d) are systematically shifted upward relative to the
ln(η) for the discrimination experiment (Figure 5.3d). Figures 5.9d and 5.10d indi-
cate the shift is roughly constant for all energies, so the slope of the discrimination
boundary line (see Section 5.3.2) is utilized for the slope of the directionality bound-
ary line. Whereas, the intercept of the boundary line is adjust to the appropriate
location based on the directionality data (Figures 5.9d and 5.10d).
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Directionality: “GEM-side” Selection Cuts
Saturation Cut
(a) The saturation cut rejects
the events with voltage pulses
that saturate the vertical scale of
the oscilloscope (0.39V ).
Rise Time (RT) Cut
(b) The Rise time (RT) cut re-
jecting events with RT < 5 µs.
Fiducialization Cut
(c) The fiducialization cut re-
jects events where ZCF−3
or
ZSF−5
lie outside of (10 cm <
ZCF−3
< 60 cm) or (10 cm <
ZSF−5
< 60 cm).
ln(η) Cut
(d) The ln(η) cut, where the
nuclear recoil band lies above
the boundary line (blue dotted
line). The red events above
the boundary line have ln(η) >
−1.2 keV/mm and are part of
the nuclear recoil band, but are
excluded from the directionality
measurement (see Section 5.4.1).
Figure 5.9: Directionality: The “GEM-side” experiment selection cuts in 20-3 Torr
CF4-SF6, where the black tracks pass the given cut and the red tracks pass all
previous cuts but fail the given cut. The blue dotted line is the boundary line
defined in Section 5.3.2 with the intercept adjusted as described in Section 5.4.1.
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Unfortunately, unlike the discrimination measurement, the location of what we
call the nuclear recoil band (consisting of F recoils) is only approximate in the
directionality experiments. A more precise localization of the nuclear recoil band
would require a 60Co experiment and a background experiment conducted at the
≈ 20 keV ee trigger threshold. These experiments were attempted, but the event rate
above 20 keV ee for either experiment was very low (about a few events an hour) and
obtaining enough statistics would take an excessive amount of time. Nevertheless,
regardless of a fraction of the electronic recoils or the “haze” leaking into the nuclear
recoil band, the systematics caused by these are subtracted in the skewness difference
quantity. Therefore, the skewness difference allows the directionality to be measured
even with the imperfect nuclear recoil band.
In order to enhance the directionality measurement, the directionality is measured
for the longest nuclear recoil tracks at a given energy. (This technique was also found
in Ref. [98] to improve the directionality measurements.) For the directionality
measurement, the part of the nuclear recoil band with ln(η) < −1.2 keV/mm is
utilized to measure directionality. Since the tracks with ln(η) > −1.2 keV/mm are
the most narrow, highly peaked tracks, they have intrinsically the smallest available
skewness to measure. After the noise reduction and the filtering this skewness is
often removed entirely for these short tracks. Figures 5.11 and 5.12 show the range
versus energy for the “GEM-side” experiment and the “Cathode-side” experiment
respectively, which shows that the tracks with ln(η) > −1.2 keV/mm are indeed the
shortest nuclear recoil tracks at a given energy (below black events). Also, we have
measured and verified the skewness for the short nuclear recoils is consistent with
zero skewness. Consequently, the short nuclear recoil tracks act only to dilute the
skewness distributions and are excluded from the directionality measurement.
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Directionality: Cathode Selection Cuts
Saturation Cut
(a) The saturation cut rejects
the events with voltage pulses
that saturate the vertical scale of
the oscilloscope (0.39V ).
Rise Time (RT) Cut
(b) The Rise time (RT) cut re-
jecting events with RT < 5 µs.
Fiducialization Cut
(c) The fiducialization cut re-
jects events where ZCF−3
or
ZSF−5
lie outside of (10 cm <
ZCF−3
< 60 cm) or (10 cm <
ZSF−5
< 60 cm).
ln(η) Cut
(d) The ln(η) cut, where the
nuclear recoil band lies above
the boundary line (blue dotted
line). The red events above
the boundary line have ln(η) >
−1.2 keV/mm and are part of
the nuclear recoil band, but are
excluded from the directionality
measurement (see Section 5.4.1).
Figure 5.10: Directionality: The “Cathode-side” experiment selection cuts in 20-3
Torr CF4-SF6, where the black tracks pass the given cut and the red tracks pass
all previous cuts but fail the given cut. The blue dotted line is the boundary line
defined in Section 5.3.2 with the intercept adjusted as described in Section 5.4.1.
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Lastly, consider the “haze”, which lies above the nuclear recoil band (black) in the
range versus energy shown in Figures 5.11 and 5.12. Recall, in Section 5.3.3 we argued
the “haze” consists of neutron-induced, high energy proton recoils, which are long
and cross the entire active region of the THGEM (3 cm by 3 cm). This is consistent
with the high energies and long lengths of the “haze” events. Since the “haze” is only
present in the DD generator experiments, this means the “haze” is correlated with
the DD generator. Therefore, it is possible the proton recoils in the “haze” could
contribute to the skewness difference, and if they are directional even enhance the
measured directionality. The amount that they might contribute cannot be quantified
or separated from the contribution from the F recoils. Nevertheless, despite the
difficulty/handicap of the “haze” this directionality measurement represents the first
measurement of directionality in 20-3 Torr CF4-SF6. In future work, result might
be improved with a veto to remove the “haze”.
Directionality “GEM-side”
(a) (b)
Figure 5.11: Directionality: The range (∆Z) versus energy for the “GEM-side”
experiment at 20-3 Torr CF4-SF6 showing a close-up view (5.11a) and a full view
(5.11b).
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Directionality “Cathode-side”
(a) (b)
Figure 5.12: Directionality: The range (∆Z) versus energy for the “Cathode-side”
experiment at 20-3 Torr CF4-SF6 showing a close-up view (5.12a) and a full view
(5.12b).
5.4.2 Directionality Results and Discussion
This section presents the results of the directionality measurement in terms of the
skewness difference (SkewGEM −SkewCathode). First, the nuclear recoil band for the
“GEM-side” experiment and the “Cathode-side” experiment are broken up into 20
keV ee energy bins starting with the minimum energy E = 20 keV ee and ending at
E = 120 keV ee. Figure 5.13 shows the measured skewness distributions, where the
red and the blue are the “GEM-side” experiment and the “Cathode-side” experiment,
respectively. The distributions are unnormalized to emphasis the total statistics in
each distribution. Interestingly, the “GEM-side” experiment distributions all have
fewer statistics than the “Cathode-side” experiment distributions despite similar
acquisition times. Although the cause is unknown, it should have only a small effect
on the directionality. The Figures also indicate an unknown systematic, which shifts
the distributions toward negative skewness. This systematic is either due to the
readout electronics or an artifact of the analysis.
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Directionality: Skewness Distributions
(a) 20 keV ee < E < 40 keV ee (b) 40 keV ee < E < 60 keV ee
(c) 60 keV ee < E < 80 keV ee (d) 80 keV ee < E < 100 keV ee
(e) 100 keV ee < E < 120 keV ee
Figure 5.13: Directionality: Skewness distributions for the nuclear recoil band (black
events in Figures 5.11 and 5.12) in 20 keV ee energy bins from 20 keV ee to 120 keV ee.
The red and blue distributions are the distributions for the “GEM-side” experiment
and the “Cathode-side” experiment, respectively.
Figure 5.14a plots the mean and standard error of the mean for the “GEM-side”
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experiment skewness distribution (red), and the “Cathode-side” experiment skew-
ness distribution (blue). The horizontal bars represent the range of track energies
contained at each point. The Sum (black) is Sum = GEM + Cathode, which is
zero when no systematic is present. Figure 5.14b shows the skewness difference
(SkewGEM − SkewCathode) versus energy, where the red curve calculates the direc-
tionality over the entire nuclear recoil band and the black curve (1/3− 1) measures
the directionality for the upper 2/3 longest tracks of the nuclear recoil band. Both
curves show the skewness difference is increasing with energy and is 2-3σ above zero
skewness in the lowest energy bin (20 − 40keV ). Therefore, the ESkew is measured
to be ≈ 30 keV ee in 20-3 Torr CF4-SF6 utilizing 1D readout. However, since the
skewness difference is 2-3σ above zero skewness in the lowest energy bin the intrinsic
ESkew might be lower than 30 keV ee.
(a) The skewness versus energy. The
“GEM-side” experiment, the “Cathode-
side” experiment, and the Sum (“GEM” +
“Cathode”) are the red, the blue, and the
black curves, respectively.
(b) The skewness difference (“GEM”-
“Cathode”) versus energy for the direction-
ality nuclear recoil band (red) and the up-
per 2/3 of the nuclear recoil band by length
(black).
Figure 5.14: The results of the directionality measurement in 20-3 Torr CF4-SF6
utilizing a 1D readout show statistically significant directionality down to the lowest
energy bin. Consequently, ESkew ≈ 30 keV ee.
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5.5 Range Versus Energy Measurement in 20-3-100
Torr CF4-SF6-He
This section presents a preliminary experiment measuring the range (∆Z) versus
energy in 20-3-100 Torr CF4-SF6-He. The motivation for studying a helium rich gas
target is based on the following. Since the next generation of WIMP dark matter
experiments will push the standard 100GeV -1TeV WIMP exclusion curves to the so
called “neutrino floor” [39, 40, 41], there is now a push toward searching for low-mass
(1GeV scale) WIMPs [108, 109]. For these low-mass WIMP searches He is attractive
for several reasons [110, 111]. First, He is kinematically well-matched to maximize
the energy deposited in the detector per low mass WIMP-nuclear interaction due
to their similar masses. Second, at a given pressure tracks are longer in He than
other gases, which should improve discrimination compared to higher mass targets
in TPCs.
For this experiment, the experimental apparatus and the data analysis algorithms
are the same as discussed in Section 5.2. Similarly to the discrimination measure-
ment in 20-3 Torr CF4-SF6 (see Section 5.3), the lead shielding is added to reduce
the electronic recoil rate and the trigger threshold is set to ≈ 5.9 keV ee. Finally,
due to the low signal-to-noise of these experiments only a DD neutron generator ex-
periment (with the DD generator oriented in front of the cathode) and a background
experiment are performed. Therefore, a precise discrimination measurement is not
performed. Instead, EDisc is roughly estimated based on the range versus energy of
the DD neutron generator experiment.
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5.5.1 Discrimination Selection Cuts in 20-3-100 Torr CF4-
SF6-He
This section will briefly present the selection cuts that preceded the range versus
energy measurement. The ln(η) cut is not applied because a boundary line, which
separates the nuclear recoil band and the electronic recoil band, cannot be deter-
mined. Consequently, only the saturation cut, the RT cut, and the fiducialization
cut are utilized. (The reader is referred to Section 5.3.1 for the description of the
selection cuts.)
First, consider the selection cuts for the background experiment shown in Figure
5.15. Despite an ≈ 8 hour background experiment and the low trigger threshold
(≈ 5.9 keV ee), the overall statistics after the cuts are applied are low as shown in
Figure 5.15d. This is because the signal-to-noise for the 20-3-100 Torr CF4-SF6-
He experiments is very poor (for an unknown reason) and many events fail the
fiducialization cut (Figure 5.15c). Similarly, Figure 5.16 shows the selection cuts
applied to the DD neutron generator experiment. The distribution after all prior
cuts is shown in Figure 5.16d.
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Selection Cuts For The Background Experiment in 20-3-100 Torr
CF4-SF6-He
Saturation Cut
(a) Saturation cut rejects the
voltage signals that saturate the
vertical scale of the oscilloscope.
Rise Time (RT) Cut
(b) Rise time (RT) cut: RT < 5
µs.
Fiducialization Cut
(c) The fiducialization cut re-
jects events where ZCF−3
or
ZSF−5
lie outside of (10 cm <
ZCF−3
< 60 cm) or (10 cm <
ZSF−5
< 60 cm).
Resulting Distribution (No
Additional Cut)
(d) The resulting distribution
passing all prior cuts.
Figure 5.15: The selection cuts for the background experiment in the 20-3-100 Torr
CF4-SF6-He mixture. The black events pass the given cut and the red tracks pass
all previous cuts but fail the given cut.
155
Chapter 5. Discrimination and Directionality in Novel CF4-SF6 Gas Mixture
Selection Cuts For The DD Neutron Generator Experiment In 20-3-100
Torr CF4-SF6-He
Saturation Cut
(a) Saturation cut rejects the
voltage signals that saturate the
vertical scale of the oscilloscope.
Rise Time (RT) Cut
(b) Rise time (RT) cut: RT < 5
µs.
Fiducialization Cut
(c) The fiducialization cut re-
jects events where ZCF−3
or
ZSF−5
lie outside of (10 cm <
ZCF−3
< 60 cm) or (10 cm <
ZSF−5
< 60 cm).
Resulting Distribution (No
Additional Cut)
(d) The resulting distribution
passing all prior cuts.
Figure 5.16: The selection cuts for the DD neutron generator experiment in 20-3-100
Torr CF4-SF6-He. The black events pass the given cut and the red tracks pass all
previous cuts but fail the given cut.
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5.5.2 Range Versus Energy In 20-3-100 Torr CF4-SF6-He
The result of the range versus energy is shown in Figure 5.17. The discrimination
can be estimated based on Figure 5.17a and the location where the vertical band
and horizontal band begin to overlap. These suggests there is some discrimination
down to EDisc ≈ 30 keV ee. This is consistent with the range versus energy of the
background experiment shown in Figure 5.17b. In order to precisely measure the
discrimination in 20-3-100 Torr CF4-SF6-He using a 1D readout, a
60Co experiment
must be performed and the signal-to-noise improved. This is reserved for future
work.
20-3-100 Torr CF4-SF6-He Discrimination
(a) “Cathode-side” (b) Background
Figure 5.17: The range (∆Z) versus Energy in 20-3-100 Torr CF4-SF6-He.
5.6 Conclusion
In this chapter we presented the threshold energies for measuring directionality
and discrimination in our 1D detector in 20-3 Torr CF4-SF6. The results indicate
that ESkew ≈ 30 keV ee and EDisc ≈ 15 keV ee. Unfortunately, a major limiting
factor for each measurement is low nuclear recoil statistics due to the high gamma-
ray interaction rate in the detector from the DD neutron generator. As a result,
the directionality and the discrimination measurements were performed in dedicated
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experiments. For the directionality experiment the nuclear recoil rate is increased
by increasing the trigger threshold to 20 keV ee. For the discrimination experiment
the trigger level is lowered to ≈ 5.9 keV ee and lead shielding is utilized to reduce
the gamma-ray flux entering the detector. Another major issue is the “haze”, which
are the event that lie between the nuclear recoil band and the electronic recoil band.
Consequently, the “haze” blurs the separation between the nuclear recoil band and
the electronic recoil band and is detrimental to the discrimination measurement. We
asserted that the “haze” is due to neutron-induced proton recoils from the acrylic of
the detector, which can be removed if a veto is added to the readout.
The following improvements to the experiment could result in better measure-
ments of the discrimination and the directionality. First, by utilizing a data ac-
quisition system with a shorter dead-time the nuclear recoil collection rate can be
increased, which would improve nuclear recoil statistics. Second, reducing the noise
or increasing the signal would allow for less software filtering and less distortion of
the signal shape. An option is to stack two THGEMs to increase the gas gain. A
different approach is to reduce the noise by reading the charge from a readout board
instead of the THGEM. A benefit of this approach is that the readout board can be
designed with a veto wire, which would allow the “haze” to be removed.
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6.1 Introduction
This chapter discusses an entirely different topic than the previous chapters: the
novel 2D readout scheme called the Tilted GEM that was developed by Nguyen
Phan. Building off of his work, this chapter presents measurements of the 2D track
reconstruction for neutron-induced nuclear recoils. Before we discuss the Tilted
GEM, here is a brief motivation for his scheme.
As discussed in Section 1.4.3, the daily modulation of the nuclear recoil direction
may be required in order to verify the galactic origin of a WIMP signal [41]. The
current best directional detection technology are low pressure TPC detectors, which
utilize the low pressure gases in order to lengthen WIMP induce nuclear recoils within
the detector to a few mm′s, thereby resolving the directionality [44, 45]. Another
directional detector technology is nuclear emulsions [38], but they are currently in
the development stage.
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Unfortunately, low pressure TPC track reconstruction requires complex, fast,
and/or expensive readout electronics. However, the requirements on the readout
electronics can be relaxed considerably by the use of negative ion gases, which have
≈ 3 orders of magnitude slower drift speeds. In the case of the DRIFT TPC discussed
in Section 1.6, 512, 2 mm pitch, 20 µm diameter steel anode wires are utilized in order
to readout two 1 m (along X-dimension) by 50 cm (along Z-dimension) drift volumes
[49]. Notice the spacial resolution along X is 2 mm (the pitch of the wires), which is
far too coarse to resolve the predicted WIMP induced nuclear recoils (≈ 1mm) [44].
This is in contrast to the Z-dimension. Similar to the 1D readout scheme utilized
for the prior measurements in this work, the Z- dimension has spatial resolution
limited by the timing resolution of the readout electronics. Traditional methods to
improve the spatial resolution in X require finely pitched strip or pixel detectors,
which increases the number of readout channels. Also, since the size of dark matter
detectors continues to increase (now to ton-scale experiments), the number of readout
channels could be order 106, depending on the multiplexing and the pitch [44]. This
section describes the advancement of the novel 2D readout scheme invented and
tested by Nguyen Phan [112, 113], which achieves timing-based spacial resolution
with only two readout channels. The work discussed in this section was performed
in collaboration with Alex Mills.
The key features of the scheme are the following. First, the scheme requires at
least two GEMs. The first GEM is called the “Z-GEM”. It is utilized to amplify
the track and to precisely measure the track along the drift dimension (Z). The
novel approach is the orientation of the second GEM relative to the Z-GEM, where
the second GEM is referred to as the “U-GEM”. The U-GEM is rotated/tilted so
that the plane of the U-GEM is at an angle relative to the Z-GEM. Nguyen Phan
demonstrated that the orthogonal track dimension along the tilt of the U-GEM (X)
can be reconstructed based on the relative timing of the signals at the Z-GEM and
the U-GEM [112, 113]. This type of detector is referred to by us as the “Tilted GEM”
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detector. This chapter describes work toward characterizing the track reconstruction
for low energy nuclear recoils within the Tilted GEM detector.
The chapter will proceed first with a description of the experimental setup in
Section 6.2. In Section 6.3 the working principles, the track reconstruction, and the
induced signals of the Tilted GEM are described. Also, in Section 6.3.1 a typical
calibration alpha track is presented and the important features pointed out in the
Z-GEM and the U-GEM signals. The algorithm utilized to calculate the track prop-
erties is described in Section 6.4. Next, in Section 6.5 the alpha source and the
detector calibrations are presented. The detector calibration is compared for several
different detector operating parameters with the goal of optimizing the ion backflow
signal (described in Section 6.3.1). Utilizing the optimal detector parameters, we
performed a DD neutron experiment, creating neutron-induced nuclear recoils pref-
erentially directed along X. This experiment is presented and discussed in Section
6.6. Lastly, potential improvements/modification are considered in Section 6.7.
6.2 Experimental Setup
Figure 6.1 depicts the Tilted GEM. It is comprised of three 9.5 cm by 9.5 cm
active area thin GEMs and a 2 µm thin film mylar cathode. The first GEM is
“GEM1”, which provides preliminary amplification of the track and is positioned
9.7mm below the cathode and above the Z-GEM. Although important for gas gain,
GEM1 is not involved in the track reconstruction. However, discussed in Section 6.7.1
will be how reading out the signal induced on the bottom surface of GEM1 (facing the
Z-GEM) improves the measurement of the ion backflow signal. The region between
the cathode and GEM1 defines the drift volume (interaction region). The Z-GEM
is 0.8mm below GEM1. The Z-GEM serves the dual function of track amplification
and signal readout. The Z-GEM signal is utilized to measure the extent of the track
along Z (∆Z). Below the Z-GEM and tilted at 30◦ relative to the Z-GEM is the U-
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GEM. Section 6.3.1 describes how the X extent of the track (∆X) is extracted from
the U-GEM signal. This extraction requires a precise calibration of the detector (see
Section 6.5.3), which utilizes the structure above the cathode. This structure will be
referred to as the “alpha calibration structure”. The alpha calibration structure was
designed by Eric Lee. Although for calibration purposes, it is left in place during
the DD neutron generator experiments rather than opening the detector to remove
it. This is because opening the detector requires pumping on the detector for several
days in order to pump out the CS2 utilized in the gas mixture, which is toxic.
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Figure 6.1: Schematic of the Tilted GEM detector. See section 6.2 for a description
of each component.
Figure 6.2 shows the several intermediate steps in the assembly of the Tilted
GEM. Figure 6.2a shows the mounting of the U-GEM on the four torlon support
rods. Next, Figure 6.2b shows the subsequent attachment of the Z-GEM (middle)
and GEM1 (top). In Figure 6.2c the entire assembly along with the alpha calibration
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structure is placed into the vacuum vessel. The alpha calibration structure is removed
for the DD neutron experiment.
(a) The positioning of the U-
GEM at 30◦ relative to the hor-
izontal (Z-GEM).
(b) The attachment of the Z-
GEM (midde) and GEM1 (top).
(c) The final Tilted GEM assembly including the alpha calibration struc-
ture (top) is placed and wired in the vacuum vessel.
Figure 6.2: The assembly of the Tilted GEM detector.
Once the detector is ready the vessel is pumped out for several days to remove
impurities ingassed into the interior detector surfaces. Next, the following back fill
and powering procedure is utilized in order to bring the detector to operating pressure
and voltage. First, the vessel is flushed with 100-200 Torr CF4. Once the vessel is
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pumped back to baseline pressure (minimum baratron pressure reading) the final
100 Torr CF4 is added to the gas volume. After a few minutes to allow the gas
to equilibrate within the detector, the negative ion gas CS2 is slowly and carefully
added to the mixture. Care must be taken with CS2 since it is toxic. The operating
gas mixture utilized through this chapter is 100-50 Torr CF4-CS2, which was selected
due to its stability and high gas gain.
6.2.1 Signals and Data Acquisition
The signals in this chapter consist of the Z-GEM signal and the U-GEM signal.
The Z-GEM signal is read out using an ORTEC 142 charge sensitive preamplifier
from the bottom surface of the Z-GEM (facing the U-GEM). Similarly, the U-GEM
signal is read out with a separate ORTEC 142 charge sensitive preamplifier from the
bottom surface of the U-GEM (facing the acrylic base). Both signals are acquired
with the Tektronix TDS 3054C digital oscilloscope and written to text with custom
python code I developed.
6.2.2 GEM Powering Schemes
The GEMs are powered through a resistor chain (voltage divider) as depicted in
Figure 6.3, where each resistor chain is housed within a dedicated aluminum voltage
divider box. Figure 6.3a represents the resistor chain for GEM1, and Figure 6.3b
represents the resistor chains for the Z-GEM and the U-GEM. R1 is a protection
resistor, utilized to help prevent damaging the GEM when a spark occurs on or
near the GEM. R2 and R3 constitute the first and second resistors of the voltage
divider. HV refers to the high voltage input, VIn is the high voltage output of the
box (VIn = HV ), and VOut is the reduced/divided output voltage of the box. The
capacitor C1 is added between VOut and ground for the Z-GEM and U-GEM resistor
chains (Figure 6.3b) in order to suppress the slow, induced ion backflow signal, which
will be discussed in Section 6.3.1. Table 6.1 lists the resistor and capacitor values for
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three different boxes, where each box is numbered for convenience. Box 1 and Box 2
are utilized to power GEM1 and the Z-GEM. Boxes 3 and 4 are two different boxes
for powering the U-GEM.
(a) GEM1 (b) Z-GEM and U-GEM
Figure 6.3: GEM powering scheme with voltage dividers.
Voltage Divider Boxes
Box R1(MΩ) R2(MΩ) R3(MΩ) C1(nF )
1 100 14.9 10 -
2 100 56 1 5
3 100 14.9 66.5 5.3
4 100 9.8 55.8 5.3
Table 6.1: Resistor and capacitors utilized
for the resistor boxes.
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6.3 Working Principle, Track Reconstruction, and
Induced Signals
6.3.1 Working Principle
This section describes the working principle of the Tilted GEM. First, consider
Figure 6.4 which depicts the coordinate system, several important components of the
Tilted GEM, and the passage of a track through these components. Not shown are
the cathode or the GEM1. “Top” and “Bottom” refer to the GEM surface nearest to
the vessel lid and base respectively. “Vertex” and “Opening” refer to the locations in
the transfer region where the Z-GEM and U-GEM approach and diverge respectively.
Figure 6.4: Working principle for the Tilted GEM Detector.
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Next, consider a particle interaction in the drift region. The interacting particle
creates an ionization track (green) that drifts uniformly to the Z-GEM, where the
L edge and the R edge refer to the left and right edges of the track. Depending on
the angle φ the track makes with the X-axis, the L edge or the R edge may arrive
at the Z-GEM first. For the case of the green track, the L edge arrives first. At the
Z-GEM, the track is amplified and a fraction of the charge is collected on the bottom
surface of the Z-GEM. This charge contributes to the primary Z-GEM signal. Figure
6.5 shows the typical Z-GEM (red) and the U-GEM (black) signal for a calibration
alpha track. The track edge that arrives first at the Z-GEM corresponds to TZ1 and
the later edge to TZ2. The charge that is not collected by the bottom surface of
the Z-GEM is drawn into the region between the Z-GEM and the U-GEM, which is
referred to as the transfer region. This charge is the blue track in Figure 6.4.
Figure 6.5: Calibration alpha track with the alpha source located close to the open-
ing (R = 14.5kΩ). Current signal for the Z-GEM and U-GEM are red and black
respectively. The vertical dashed and dotted lines identify the edges of each signal
and the location of the TDip and TIon. See Section 6.3.1 for details. The gas pressure
is 100-50 Torr CF4-CS2.
The transfer field is nonuniform, larger near the vertex than the opening, and
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the field lines follow a curved path to the U-GEM, where each circular-dotted line
in Figure 6.4 represents a field line. The transfer distance, path length traveled by a
point charge along each field line, is longer in the opening than in the vertex. As a
result, the side of the track closer to the opening drifts more slowly and has a longer
distance to travel to the U-GEM than the side of the track closer to the vertex. In
the case of the blue track, the L edge drifts more quickly and has a shorter distance
to travel to the U-GEM than the R edge. The net effect of this is a monotonically
increasing drift time as a function of where a piece of charge arrives at a given X along
the Z-GEM. This results in the following one-to-one relationship: the time it takes the
L edge (the R edge) of the track to traverse the transfer region corresponds uniquely
to the X location of the L edge (the R edge). Therefore, by injecting charge at a know
X location and measuring the time it takes the charge to traverse the transfer region
the one-to-one relationship can be precisely measured. The procedure to measure
the one-to-one function (the detector calibration procedure) is described in detail
Section 6.5.3. Once the one-to-one function is measured, the X location of each edge
of the track can be extracted, and the full extent of the track along X (∆X) can
be found. Once the track reaches the U-GEM it is amplified and collected on the
bottom surface of the U-GEM. This charge constitutes the primary U-GEM signal
(black). In Figure 6.5, the first charge arriving at the U-GEM is TU1, and the end
of the track arrives at TU2.
The last feature to consider before describing the track reconstruction is the so-
called “ion backflow”. The ion backflow is the motion of the positive ions created
during the track amplification by the U-GEM toward the Z-GEM. The positive ions
retrace the field lines traveled by the negative ions back to the Z-GEM. As they do,
they induce signals on the Z-GEM and the U-GEM. The arrival time of the first
ion at the Z-GEM is called TIon (cyan). How TIon is measured from the induced
signal on the Z-GEM and its importance is discussed in Section 6.3.2. The time
TDip in the Z-GEM signal corresponds roughly to the start of the induced signal on
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the Z-GEM as the ion backflow begins to drift to the Z-GEM. In the U-GEM signal
TDip corresponds roughly to when the track reaches the U-GEM and starts to be
amplified by the U-GEM. The calculation of TDip and its usefulness will be discussed
in Section 6.3.2.
6.3.2 Track Reconstruction
In this section the procedure for the track reconstruction is discussed. Instead
of describing the detector calibration in this section, it will be reserved for Section
6.5.3. This section describes the track reconstruction using the measured one-to-
one relationship between the time it takes a charge to traverse the transfer region
∆TU−Z and the X location of the charge (calibration curve). This relationship will be
calibrated in Section 6.5.3, but it is utilized here to describe the track reconstruction.
First, ∆Z is reconstructed from the Z-GEM signal by:
∆Z = (TZ2 − TZ1)VCS−2 , (6.1)
where VCS−2 is the drift velocity of CS
−
2 , and TZ1 and TZ2 are the times correspond-
ing to the arrival of the first and the second track edge at the Z-GEM. The ∆X
reconstruction requires the detector calibration. A typical calibration curve (black)
is shown in Figure 6.6. ∆TUL−ZL and ∆TUR−ZR are the measured times it takes the
L edge and the R edge of the track to traverse the transfer region. Ignoring for now
the degeneracy which is discussed in the next paragraph, ∆TUL−ZL = TU1−TZ1 and
∆TUR−ZR = TU2 − TZ2. Next, the intersection of ∆TUL−ZL and ∆TUR−ZR with the
calibration curve are located, and the corresponding X (XL and XR) are extracted.
Lastly, the extent of the track in X is ∆X = XR − XL. Note that ∆X can be
negative for track orientations with XL > XR.
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Figure 6.6: A typical calibration curve de-
picting the ∆X reconstruction with the
vertical blue lines and the horizontal red
lines. ∆TUL−ZL and ∆TUR−ZR correspond
to the time it takes for the L edge and
the R edges of the track to traverse the
transfer region respectively. XL and XR
are the extracted X locations correspond-
ing to the L edge and the R edge, and
∆X = XR −XL.
Unfortunately, there is a factor complicating the track reconstruction with the
Tilted GEM; the track edges that arrive at TU1 and at TU2 in the U-GEM signal do
not always correspond to the same edges TZ1 and TZ2 in the Z-GEM signal. This
is because the nonuniformity of the transfer field and the transfer length causes the
arrival ordering of the track edges at the Z-GEM to be reversed at the U-GEM for
certain track orientations φ. This results in a degeneracy in the reconstructed ∆X.
However, the degeneracy was cleverly resolved by Nguyen Phan by considering the
ion backflow signal and TIon [112, 113]. Since TIon corresponds to the time it takes
the first positive ion created at the U-GEM to retrace the transfer field lines and
arrive at the Z-GEM, TIon is roughly the same as the time it took the first negative
ion that arrived at the Z-GEM to drift along the same field lines and arrive at the
U-GEM. The times are equal if the positive and negative ions have the same drift
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velocity, which is approximately the case [99]. Consequently, comparing the travel
time through the transfer region for the ion backflow (∆TIon−U1 = TIon − TU1) with
the time ∆T11 = TU1 − TZ1 and the complementary time ∆T12 = TU1 − TZ2 the
correct ordering is discovered and the degeneracy resolved.
6.3.3 Induced Signals
This section describes the induced signals in the Z-GEM and the U-GEM wave-
forms by reconsidering Figure 6.5, which shows the waveform for a calibration alpha
track near the opening. In our case, positively induced signals occur either when
negative charge moves toward or when positive charge drifts away from the readout
electrode. The opposite is the case for negatively induced signals. Between the Z-
GEM and the U-GEM primary signals (indicated by the left-most arrow), there are
induced negative and positive signals on the Z-GEM and U-GEM respectively. They
correspond to the track drifting away from the bottom surface of the Z-GEM and
to the top surface of the U-GEM. For the Z-GEM it “sees” negative charge moving
away, and thus the Z-GEM induced signal is negative. Whereas, for the U-GEM
it “sees” negative charge moving toward, and thus the U-GEM induced signal is
positive.
The right-most arrow points the the ion backflow signal, where positive ions
are drifting away from the U-GEM and toward the Z-GEM. Consequently, the ion
backflow induces a negative signal in the Z-GEM and a positive signal in the U-
GEM. TDip is a rough estimation of start of the induced signal in the Z-GEM. The
method to find TDip is discussed in Section 6.4. When the first positive ions reach the
bottom surface of the Z-GEM, the slope of the induced signal in the Z-GEM changes
because fewer positive charges reside in the transfer region (the “kink” between TU2
and TIon). The Z-GEM signal becomes positive as more positive ions have passed
through the Z-GEM and are drifting away from the Z-GEM and toward GEM1. The
Z-GEM signal finally goes to zero when the positive ions have all passed through
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GEM1, where GEM1 acts to shield the Z-GEM from the ion backflow as it continues
to drift toward the cathode. As for the U-GEM, the ion backflow induces a positive
shoulder, which similarly to the Z-GEM signal can be flat between TU2 and TIon.
The subtle change in the slope of the U-GEM signal preceding TIon is where the first
charges of the ion backflow reach the Z-GEM and begin to leave the transfer region.
Once all positive ions have passed through the Z-GEM, the U-GEM signal goes to
zero, because the Z-GEM acts to shield the U-GEM from the ion backflow. Notice
the U-GEM signal goes to zero before the Z-GEM signal. This is because the Z-GEM
continues to “see” the ion backflow as it drifts the small distance to GEM1, which
the U-GEM does not “see”.
Since the zero-crossing is easier to identify than the slope change (kink), currently
TIon systematically overestimates the time it takes the positive ions to reach the Z-
GEM. However, if this overestimation is approximately the same for every event the
degeneracy is resolved in the same manner as discussed in Section 6.3.2. In any case,
a more precise method to calculate TIon is discussed in Section 6.7.1. Unfortunately,
the induced shoulder in the U-GEM signal makes it difficult to precisely locate the R
edge of the primary U-GEM signal. This uncertainty is an issue for track reconstruc-
tion, which will become apparent in Section 6.6 for the results of the DD neutron
experiment.
6.4 Track Property Algorithm
The track properties are identified with a method similar to Section 3.7. The
first and second edges of the Z-GEM and U-GEM signal are located by calculating
the quantity I dI
dt
and searching for positive-negative peaks in I dI
dt
. The edge is then
found by locating where I falls below 5% of IMax, except for the second edge of the
U-GEM signal. Unfortunately, the second edge of the U-GEM signal is blurred by the
positive shoulder induced by the ion backflow. In this work the second edge of the U-
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GEM signal TU2 is estimated to be the location where the slope of the U-GEM signal
drops below a fixed threshold; i.e. where the U-GEM signal starts to flatten. Based
on the calibration experiments discussed in Section 6.5.3, the uncertainty/jitter in
this location results in fluctuations on the order of ±100 µs. This in turn results in
uncertainty/jitter in the ∆X of the track of order 0.5mm. This is a significant issue,
since typical low energy nuclear recoils are a few mm′s. Potential resolutions to this
issue are described in Section 6.7.1. Lastly, TDip is calculated to be where the slope
of the Z-GEM signal falls below a negative threshold. This corresponds roughly with
the start of the U-GEM signal, and is meant only as a consistency check with the
U-GEM signal.
6.5 Detector Calibration
This section describes how the detector is calibrated. First, consider the alpha
source structure above GEM1 in Figure 6.1. The alpha source structure has a rect-
angular, acrylic base with a 9 cm -10 cm slot drilled through along the X dimension.
The 210Po alpha source is placed inside of the alpha source holder, which is allowed
to travel along the slot. The holder is moved along the slot with the drive motor
and the source translator, which consists of a threaded rod that connects the holder
to the drive motor. Depending on the polarity of the power supplied to the drive
motor, the drive motor rotates the source translator, which in turn pushes or pulls
the holder along the slot. The holder has a contact that touches the potentiometer
that runs parallel to the source translator. Therefore, the resistance measured by
the potentiometer corresponds uniquely to the location of the holder and thus the
precise location of the alpha source along X.
In order to determine the X location of the alpha source from the potentiometer
resistance, the potentiometer must be calibrated by precisely mapping the measured
X location of the holder (measured with calipers relative to a reference location X0)
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to the corresponding potentiometer resistance. The choice of X0 is not crucial for
this work since it is subtracted away in the difference (∆X = XL−XR). The results
of the potentiometer calibration are presented in Section 6.5.1.
Figure 6.1 shows that the emitted alpha particles pass through a narrow colli-
mator, through the slot, through the thin film cathode, into the drift volume, and
range out in GEM1. Within the drift volume, the ionization created by the alpha
particle extends over the entire drift distance. This means the ∆Z of the track equals
the total drift distance (∆Z = 9.7 cm). Due to the narrow collimation, the alpha
tracks are contained within a narrow cone. This results in the tracks being highly
directed along Z, where the ∆X of the track are small. In fact, the mean ∆X of
the tracks is zero. Consequently, the mean of the distribution of transfer field arrival
times (time difference ∆TUZ between the U-GEM and Z-GEM signals) corresponds
uniquely to the X location of the alpha source. By measuring the mean transfer field
travel time over a range of X locations, the relationship between transfer field travel
time and the X location can be mapped out. The results of several alpha calibration
experiments are presented in Section 6.5.3. The track reconstruction from the alpha
calibration was described in Section 6.3.2.
6.5.1 Potentiometer Calibration
This section presents the results of the potentiometer calibration. Figure 6.7a
shows potentiometer resistance R versus the distance from the reference location
X0. The relationship is linear. Consequently, the curve is linearly fit (dotted line),
where the fit results are given in the legend. Utilizing the fit, the X location of the
alpha source can be calculated from the potentiometer resistance R.
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(a) R versus distance from X0. (b) Residual versus distance from X0.
Figure 6.7: (6.7a) Potentiometer resistance R and (6.7b) Residual (RData − RFit)
versus the distance from the reference location X0.
Although difficult to see by eye, there is a small periodicity underlying the curve.
Figure 6.7b shows the difference between the data and the fit (RData − RFit) versus
distance from X0. There appears to be two different periodicities; one with a wave-
length of ≈ 1 cm, and a longer one with a wavelength of ≈ 6 cm. The most likely
source for the periodicities is the precession of the threaded rod due to the rod not
being straight. Nevertheless, the effect is small and should have a negligible effect
on the track reconstruction.
6.5.2 Alpha Calibration Waveforms Versus X Location
Before considering the results of the alpha calibration, this section will describe
another way to visualize the alpha calibration and the track reconstruction degener-
acy. First consider Figure 6.8, which shows signals for typical calibration alpha tracks
at three different X locations: X = 47.8mm, 28.2mm, and 11.9mm (R = 3kΩ, 9kΩ,
and 14kΩ). The Z-GEM signal and the U-GEM signal are red and black respectively.
They show that as the alpha source is moved closer to the vertex (toward smaller X
and higher transfer fields), the time difference ∆TUZ between the first edge of the
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U-GEM TU1 and the first edge of the Z-GEM TZ1 decreases.
In order to resolve the track reconstruction degeneracy, consider the ion backflow.
Similar to the primary signal, the time TIon (corresponding to the arrival of the ion
backflow at the Z-GEM) decreases as the alpha source is moved closer to the vertex.
Comparing ∆TIon = TIon − TU1 with ∆TUZ11 = TU1 − TZ1 and ∆TUZ12 = TU1 − TZ2,
it is clear by eye that ∆TIon is closer to ∆TUZ11 than ∆TUZ21. This indicates the
track edge that arrived first at the Z-GEM TZ1 corresponds to the edge TU1 at the
U-GEM, which we know to be the case since the alpha tracks are emitted downward
along Z.
Lastly, consider the flat regions and sloped regions of the ion backflow. They are
shorter and sharper respectively as the alpha source is moved closer to the vertex.
These are the result of the higher transfer field near the vertex, which increases the
drift velocity of the positive ions and in turn the rate at which the positive ions leave
the transfer region.
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(a) Near vertex at X = 11.9mm
(R = 14kΩ).
(b) Near middle at X = 28.2mm
(R = 9kΩ).
(c) Near opening at X =
47.8mm (R = 3kΩ).
Figure 6.8: Alpha signals at three different X locations. The left edge of
the Z-GEM signal is set to T = 0. The gas mixture utilized is 100-50 Torr
CF4-CS2.
If we assume that the mean ∆X’s are zero, then XL = XR and ∆TUZ11 =
TU1 − TZ1 equals ∆TUZ22 = TU2 − TZ2. Unfortunately, the distribution of ∆TUZ22
is systematically larger and is broader than the distribution of ∆TUZ11 at a given
alpha source location. This is because the ion backflow signal is blurring the TU2
edge of the U-GEM signal. Based on the broadness of the distributions and the
location of TU2 that would cause XR = XL, the fluctuations of TU2 are on the order
of ±100µs. Converting these fluctuations to ∆X with the calibration curve in Figure
6.6 gives fluctuations on the order of 0.5mm. This is an issue since typical low energy
nuclear recoil tracks are a few mm’s long. Based on this and the results of the DD
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neutron generator experiment that will be presented in Section 6.6, in order to take
full advantage of the potential of the Tilted GEM concept the improvements that
are presented in Section 6.7.1 need to be implemented.
6.5.3 Alpha Calibration
This section presents the alpha calibration experiments for several different pow-
ering configurations. Table 6.2 shows the operating voltages for each powering con-
figuration C. ∆VG1, ∆VZ , and ∆VU are the voltage differences across GEM1, the
Z-GEM, and the U-GEM. ∆VUZ is the voltage difference between the top surface of
the U-GEM and the bottom surface of the Z-GEM. Consequently, a large ∆VUZ cor-
responds to a larger transfer field. The experiments corresponding to configurations
C1, C2, and C3 were performed in order to study the behavior of the ion backflow
signal and to determine a configuration where the ion backflow is maximized. Recall
the ion backflow is important in order to resolve the track reconstruction degener-
acy (see Section 6.3.2). “Phan” refers to Nguyen Phan’s previous calibration in Ref
[112], and “DD” refers to the final/optimal configuration utilized for the DD neutron
experiment (discussed in Section 6.6).
C G1 Box Z Box U Box ∆VG1 ∆VZ(V ) ∆VUZ(V ) ∆VU(V ) E(V/cm)
C1 1 2 3 360 422 1122 348 914
C2 1 2 3 360 422 1122 348 482
C3 1 2 3 360 452 1137 403 1005
Phan 1 2 3 360 422 1122 348 482
DD 1 2 4 400 437 2488 312 1000
Table 6.2: Powering schemes of several different alpha calibration experi-
ments. C2 and Phan are the same powering configurations, but C2 refers to
the implementation of Nguyen Phan’s configuration (Phan) in this work.
The calibration curves for each configuration are displayed in Figure 6.9b. The
“Phan” calibration is shifted vertically relative to C2, which employs the same power-
ing scheme, because a different X0 is utilized. Comparing C1 and C2 shows increasing
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EDrift has no affect on the calibration. In C3, ∆VZ and ∆VU are increased in order
to observe their effect on the ion backflow. Ultimately, the ion backflow signal is
the largest when ∆VUZ is increased relative to ∆VU . Based on these results, “DD”
is chosen to be the configuration where the ion backflow signal is maximized. For
the DD configuration, the calibration alpha signals had a peak voltage greater than
3V , and ion backflow had a peak voltage of several hundred mV . Unfortunately,
maximizing the ion backflow becomes an issue for track reconstruction, where the
TU2 edge of the U-GEM signal becomes difficult to precisely identify.
(a) Comparison of the calibration curves
for different operating voltages (see Table
6.2).
(b) Comparison of the calibration curves
using the DD powering configuration
that result from moving the alpha source
only away from the vertex (Forward) and
toward the vertex (Reverse).
Figure 6.9: Alpha calibration curves (one-to-one relationship) in 100-50 Torr
CF4-CS2.
As a verification that the effect of the periodicity in the potentiometer calibration
is small, we performed an alpha calibration with the alpha source moving only away
from the vertex (Forward) and only toward the vertex (Reverse). The result is shown
in Figure 6.9b, which verifies the calibration has no systematics resulting from the
direction of the calibration.
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6.6 Nuclear Recoil Track Reconstruction Experi-
ment
The DD neutron generator is utilized to create neutron induced nuclear recoil
tracks preferentially directed away from the interaction plane of the DD generator.
For a description of the DD generator see Section 3.4. For this experiment the DD
generator is positioned so that the neutrons are directed along the positive x-axis of
the detector. The powering configuration is the DD configuration in Table 6.2. This
section presents and discusses the results of this DD neutron experiment.
Figure 6.10 shows each of the reconstructed track dimensions versus energy E.
First, consider Figure 6.10a, which shows the ∆Z versus E. The vertical band are
the electronic recoils, and the horizontal band are the nuclear recoils. It suggests
discrimination in 1D down to ≈ 20 keV ee. Unfortunately, Figure 6.10b shows that
∆X versus E is very poor. As discussed in Section 6.5.2, this is due to the fluctua-
tions/jitter in the TU2 edge of the U-GEM signal caused by the induced ion backflow
signal on the U-GEM. This results in a jitter in ∆X on the order of 0.5mm. Con-
sequently, there is little discrimination power in ∆X, because typical low energy
nuclear recoil tracks are a few mm. Figure 6.11 shows R2 versus E is worse than ∆Z
versus E, which should not be the case. Therefore, in order to better reconstruct
the track along X, the induced ion backflow signal must be removed from the U-
GEM signal while maintaining the ability to measure TIon. In Section 6.7.1 ideas for
achieving this are discussed.
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(a) (b)
Figure 6.10: The results of the DD neutron generator experiment in 100-50
Torr CF4-CS2. The ∆Z versus E curve (6.10a) shows discrimination down
to ≈ 20 keV ee. Unfortunately, the jitter in ∆X is on the order of 0.5 mm
due to the uncertainty in the TU2 edge of the U-GEM. Consequently, there
is little discrimination power in ∆X (6.10b).
Figure 6.11: The R2 versus en-
ergy for the DD neutron exper-
iment. Unfortunately, these re-
sults show no advantage of R2
over ∆Z (6.10a), which should
not be the case.
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6.7 Improvements and Future Work
6.7.1 Resolving Induced Backflow Signal in U-GEM
This section describes future work toward suppressing the signal induced on the
U-GEM due the ion backflow. A potential improvement to the detector is depicted in
Figure 6.12, where the U-GEM signal is read out with a readout board. The readout
board is oriented parallel to the U-GEM so that the field between the U-GEM and
the readout board is uniform. The readout board should not “see” the positive ions
drifting in the transfer region because: (1) the U-GEM acts as a shield blocking
induced signals from the readout board [117, 118]; and (2) the readout board is not
an amplification device. Therefore, the positive ions from the avalanche are localized
near the GEM and are not seen by the readout board [114, 115, 116]. In fact, this
is one of the advantages of the GEM; i.e. the GEM allows the amplification device
and the readout device to be separate devices [114]. Consequently, the readout
board signal is comprised of negative ions, which should result in sharp, well-defined
edges for the U-GEM primary signal and in greatly improved track reconstruction
compared to the result presented in this chapter (Section 6.6).
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Figure 6.12: Tilted GEM detector with a readout board utilized to readout
the U-signal. The readout board is oriented parallel to the U-GEM in order
to have a uniform field between the U-GEM and the readout board. The
readout board is a potential solution to the ion backflow blurring the U-
GEM primary signal, because the readout board should not “see” the ion
backflow.
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6.7.2 Locating Ion Backflow
The other issue is to effectively and precisely locate TIon without the need of a
large ion backflow. One idea is to read out the induced ion backflow signal from the
bottom surface of GEM1. In this way the Z-GEM will act to shield GEM1 from
the ion backflow as it drifts in the transfer region. However, when the ion backflow
passes through the Z-GEM, GEM1 will “see” the ion backflow as it drifts from the
Z-GEM to GEM1. Therefore, since the travel time through the Z-GEM is small
compared to the travel time through the transfer region, the time TIon it takes the
ion backflow to reach the Z-GEM is approximately the same as when GEM1 first
sees the ion backflow.
We performed a basic test of this idea using the calibration alpha source, and
reading out the signals from the bottom of the U-GEM and the bottom of GEM1.
Figure 6.13 shows a typical signal from the U-GEM (black) and GEM1 (red). The
negative dip at T = 8.5ms corresponds to the primary track as it arrives and is
amplified by the Z-GEM. The arrival of the ion backflow at the Z-GEM TIon corre-
sponds to where the slope of the GEM1 signal suddenly changes from zero to a large
negative slope. For this track, this occurs at T ≈ 11.4ms. Also, notice that between
the arrival of the primary track at the Z-GEM (T = 8.5ms) and TIon (T ≈ 11.4ms)
the GEM1 signal is completely flat. This verifies that GEM1 does not see the ion
backflow in the transfer region, which makes the identification of TIon simpler and
potentially more reliable and precise than the procedure to measure TIon utilized in
this chapter.
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Figure 6.13: A typical calibration alpha
track read out with the U-GEM (black)
and from the bottom surface of GEM1.
The transition from zero slope to negative
slope at T ≈ 11.4ms corresponds to the
arrival of the ion backflow at the Z-GEM
(TIon).
6.8 Conclusion
This chapter presented work toward advancing the track reconstruction with the
Tilted GEM detector, which was invented and tested by Nguyen Phan [112, 113].
We optimizing the detector powering configuration in order to maximize the ion
backflow signal, which Nguyen Phan realized can be used in order to efficiently
remove the degeneracy in the track reconstruction. Unfortunately, we measure the
track reconstruction along X (∆X) very poorly because the ion backflow induces a
large signal on the U-GEM, which blurs the primary U-GEM signal and distorts the
∆X track reconstruction.
Therefore, future work is require to discover a way to suppress the induced ion
backflow signal in the U-GEM, while maintaining the reliable and precise measure-
ment of the ion backflow arrival time at the Z-GEM (TIon), which is crucial in order
to remove the degeneracy. The following two experimental changes might resolve
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both issues. The first is to read out the U-GEM signal from a readout board. Since
the readout board is not an amplification device, and the U-GEM acts as a shield
against the ion backflow motion in the transfer region (similarly as the Z-GEM
shielding GEM1 as shown in Figure 6.13), the readout board should not see the ion
backflow, and the readout board signals should be well-defined. The second change is
to measure TIon by reading out the bottom surface of GEM1. We demonstrated that
the GEM1 signal does not see the ion backflow until it passes through the Z-GEM
(see Figure 6.13). Therefore, TIon corresponds to the location in the GEM1 signal
where the signal suddenly dips away from zero. After these improvements to the
experiment, the Tilted GEM detector should result in good 2D track reconstruction
with only three readout channels (Z-GEM, U-GEM, and GEM1).
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Summary/Conclusions
In this chapter the motivations, results, and conclusions of this work are summarized.
The reader is referred to the appropriate chapter for details. The work began with an
introduction to dark matter: the evidence for its existence (Section 1.1); the overview
of dark matter candidates (Section 1.3), where this work focuses on the Weakly
Interacting Massive Particle (WIMP) [26]; the dark matter detection techniques
(Section 1.4); and the annual [36] and the daily (sidereal) [37] modulation signals for
dark matter (Section 1.4.3). The daily modulation signal, which is the motivation
for the R&D performed for this thesis, requires a detector capable of reconstructing
nuclear recoil tracks resulting from dark matter interactions.
In Section 1.6 the leading directional dark matter experiment, the Directional Re-
coil Identification From Tracks (DRIFT) experiment [44, 45, 46, 57], was discussed.
The DRIFT experiment is a Negative Ion Time Projection Chamber (NITPC) op-
erated in 30-10-1 Torr CS2-CF4-O2. The CS2 component of the gas is required for
negative ion drift, which results in low diffusion down to the thermal limit [44, 53].
The fluorine in the CF4 component is the target for spin-dependent (SD) WIMP-
nucleon interactions. The O2 component elicits the production of minority negative
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ion species required for fiducialization along the drift dimension. The drawback of the
multi-component DRIFT gas mixture is the low target mass of the fluorine, needed
for SD WIMP interactions, and the toxicity and flammability of the CS2.
This motivated our group to study SF6 due to its high fluorine content and neg-
ative ion behavior. What was not known was whether gas gain was possible, or
whether fiducialization could be made to work. Our studies showed that we could
achieve sufficient gas gain using THGEMs in low pressure SF6, and we discovered
that a minority carrier (SF−5 ) is also produced in small quantities, enabling fiducial-
ization [101].
My first project, presented in Chapter 2, was to measure the diffusion in a low
pressure SF6 TPC as a function of pressure, drift field, and drift distance. Besides
verifying the thermal drift behavior seen in Ref. [101], a secondary goal was to
measure the smearing due to the capture length of the primary electrons and the pitch
of the THGEM, which are important to quantify as they impact track reconstruction.
The diffusion measurements, summarized in Figure 2.18, indicate the onset of non-
thermal behavior at 20 Torr, 30 Torr, and 40 Torr at drift fields of approximately 600
V/cm, 800 V/cm, and 800 V/cm, respectively. Our results for the capture length as
a function of the drift field are shown in Figure 2.17, and we measured the smearing
due to the THGEM pitch to be σTHGEM = 99µm± 11 µm.
In Chapter 3 we presented the first results of directionality and discrimination
in a TPC operating with SF6. Furthermore, to our knowledge these are the first
measurements of these quantities using a 1D readout in a TPC. As described in
Section 3.4, the DD neutron generator used for these studies also produced a large
flux of gamma-rays, which led to a much higher rate of electron recoils than nuclear
recoils. This was further compounded by a large dead-time in our data acquisition
system. Nevertheless, good discrimination between electron and nuclear recoils and
head-tail directionality was demonstrated down to 50 keV ee.
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Although our work with SF6 demonstrated the promise of this negative ion gas
for directional dark matter experiments, fiducialization using the SF−5 minority peak
is hampered by its small size (≈ 2.5% [101]) relative to the main SF−6 peak. Con-
sequently, detectors must have good signal-to-noise, otherwise the SF−5 peak can be
easily misidentified and the fiducialization unreliable. This led our group to search
for new methods to enhance the production of SF−5 . It is known that the SF
−
5
production increases with electron energy, so we hypothesized that this could be
achieved in CF4-SF6 gas mixtures with SF6 in low concentrations. In this case the
primary electrons are accelerated to higher energies before they are captured.
Operating a low pressure CF4-SF6 TPC with low SF6 concentration, we made
an unexpected discovery of a new negative ion species that is arbitrarily tunable by
adjusting the drift field and the SF6 concentration. In Chapter 4 of this work the
characterization of the new species is presented. In Section 4.3, I propose a model
for the production of the new species that is hypothesized to be CF−3 . In Section
4.4, measurements are presented that map out the properties of the new species as
a function of drift field and SF6 concentration. These are shown to be qualitatively
consistent with the predictions of the CF−3 production model. In addition, gas
properties such as diffusion and mobility, which are relevant to the use of CF4-SF6
gas mixtures in TPCs, are also presented. After this, I focused on the 20-3 Torr
CF4-SF6 mixture, where the CF
−
3 production is 9.8% by charge (see Figure 4.6),
the diffusion is low (see Figure 4.12a), and the track lengths are long. In 20-3 Torr
CF4-SF6 I measured the fiducialization utilizing the CF
−
3 peak and the SF
−
5 peak
(see Section 4.4.8). The results of the fiducialization measurements demonstrate the
fiducialization efficiency utilizing the CF−3 peak is approximately a factor two better
than with the SF−5 peak.
The successful enhancement of the fiducialization efficiency in 20-3 Torr CF4-SF6
motivated our group to measure the discrimination and directionality in 20-3 Torr
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CF4-SF6 utilizing our TPC with a THGEM-based 1D readout. These measurements,
shown in Figures 5.8 and 5.14b, indicate discrimination and directionality down to
15 keV ee and 20 keV ee, respectively. For more details see Chapter 5.
The final work in my thesis, presented in Chapter 6, made further studies of
directionality and discrimination using a novel 2D readout invented by Nguyen Phan
that utilizes timing alone to measure two dimensions of a particle track [112, 113].
The scheme utilizes two thin GEMs where one GEM is tilted along one dimension
relative to the other. This results in a non-uniform field between the GEMs and
a unique travel time for each location along the tilt dimension as the charges drift
between the GEMs. The working principle of the detector is described in more detail
in Refs. [112, 113] and in Section 6.3.1 of this thesis. Our measurements in Chapter
6 focus on the track reconstruction with the Tilted GEM for neutron-induced nuclear
recoils. Unfortunately, an issue with the experimental setup resulted in poor track
reconstruction along the tilt dimension (see Section 6.6). Several improvements to
the experiment are discussed in Section 6.7, which should resolve this issue and result
in good track reconstruction.
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